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Abstract

Current commercial membranes are applied for drying first generation of bioethanol, but the
purification and drying of second and third generation of bioethanol are big challenges due to
the impurities (fusel alcohols, organic acids, aldehydes, etc.) that are present in the industrial
streams. Those impurities harm the membrane materials, either polymeric or ceramic. Even
molecular sieves suffer damages due to these harmful components. Therefore, the development
of next generation pervaporation membranes is crucial to make pervaporation more attractive

and more competitive.

In the first part of the thesis, we investigate the ability of commercial membranes to trigger a
specific behavior under different media. Dehydration of binary methyl acetate—water mixtures
under neutral, acidic, and basic conditions was carried out by using PERVAP™ composite
membranes based on poly(vinyl alcohol) (PVA) and poly(N-vinylpyrrolidone-co-(2-
(dimethylamino)ethyl methacrylate)) P(NVP-co-DMAEMA). The effects of an acid (HCI) and
a base (NaOH) on the separation performance of the membrane during the pervaporation
process were investigated. The pH-responsive nature of membranes has been confirmed by
swelling tests and analysis of the chemical structure of polymeric membranes. In addition, a
mechanism of ring-opening of NVP units is proposed and correlated to the changes of
membrane separation performance. Such membranes are known to be stable in the presence of
impurities such as acetaldehyde. However, the membranes typically exhibit poor performance
in ethanol/water separation due to low selectivity which is linked to the use of a commercial
copolymer designed for other applications, thus discouraging their use for bioethanol
dehydration processes. This motivated the need for customizing the copolymer properties to
enhance membrane formulations for specific applications like ethanol dehydration.

In the second part of the thesis, we deepen the investigation of the copolymer. Rather than
commercial copolymers, tailor-made poly(N-vinylpyrrolidone-co-(2-(dimethylamino)ethyl
methacrylate)) P(NVP-co-DMAEMA) and poly(N-vinylpyrrolidone-co-N-vinylimidazole)
P(NVP-co-PNVIm) with defined monomer molar ratio are synthesized via free radical
polymerization. The random copolymers are fully characterized and then blended with PVA to
investigate their chemical and thermal properties as membrane materials. Composite
membranes are further prepared from the PVA/copolymer blends on a porous support, which

are evaluated in terms of separation performance for the dehydration of ethanol by



pervaporation. The membranes prepared from the blends exhibit up to four times higher water
permeances than pristine PVA membrane, albeit the selectivity is slightly lower. Nevertheless,
the membranes from blends with a ratio of 95:5 (PVA/copolymer) show improved selectivity
and higher permeance values compared to the commercial PERVAP™ 4155-80, especially the
blends composed by the copolymers of coPDMAEMAG0 and coPDMAEMAZ20. The
membrane prepared from the blend containing the homopolymer coPDMAEMAZ100 exhibits
the highest water/ethanol selectivity and shows stable separation performance throughout the
whole long-term stability test, while exposed to acetaldehyde. Thus, this study demonstrates
that by synthesizing tailored copolymers (rather using the commercial ones) and blending with
PVA, the separation performance of membranes can be significantly improved and tuned for
specific dehydration processes. These prototypes have proven their efficiency and stability for
second and third generation bioethanol dehydration processes. Thus, a considerable step

towards the deployment of these membranes has been made.

In the last part, tailor-made poly(vinyl alcohol)-b-poly(styrene) copolymers (PVA-b-PS) for
separation membranes are synthesized by the combination of reversible-deactivation radical
polymerization techniques. The special features of these di-block copolymers are the high
molecular weight (> 70 kDa), the high PVA content (> 80 wt.%), and the good film-forming
property. They are soluble only in hot dimethyl sulfoxide, but through the “solvent-switch”
technique, they self-assemble in aqueous media to form micelles. When the self-assembled
micelles are cast on a porous substrate, thin-film membranes with higher water permeance than
that of PVA homopolymer are obtained. Thus, by using these tailor-made PVA-b-PS
copolymers, it is demonstrated that chemical cross-linkers and acid catalysts can no longer be
needed to produce PVA membranes, since the PS nanodomains within the PVA matrix act as
cross-linking points. Lastly, subsequent thermal annealing of the thin film enhances the

membrane selectivity due to the improved microphase separation.
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1. Introduction

This chapter contains parts of a published work: Elena C. dos Santos, Alessandro Angelini,
Dimitri Hirlimann, Wolfgang Meier and Cornelia G. Palivan. Chemistry 2020, 2 (2), 470-489.

Two centuries ago, the discovery of energy production from fossil fuels led to the Industrial
Revolution, a major turning point in history that ushered our modern civilization. According to
the Sustainable Development Goals (SDG) from the United Nations, “energy is central to nearly
every major challenge and opportunity the world faces today”. Therefore, energy access is the
key and main driving force of development. While fossil fuels bore many benefits, several
major negative consequences came up (greenhouse gas emissions, non-renewable resources,
accidents during production, water pollution and oil spill, etc.). Nowadays, more than 80% of
global primary energy comes from fossil fuels. Hence, it is fundamental to significantly reduce
their use, in particular through the renewable, clean and safe resources.?® One of the greatest
challenges remains in the efficient use of these renewable materials, in order to ensure a

sufficient supply of energy.”*!

1.1. Bioethanol production

Among biofuels, bioethanol is the most widely produced, especially in countries such as Brazil
and the United States, which are known to be the largest producers due to the large number of
operating plants.!2** Conventionally, after fermentation, the ethanol content is between 10 and
20%. The product is concentrated by distillation without difficulty to 80-85%. The
ethanol/water mixture is known to form an azeotrope when its composition reaches 96%
ethanol. At this stage, the separation is thermodynamically limited and the process becomes
very energy intensive. A specific azeotropic distillation is typically involved at this stage to
reach low moisture content bringing more complexity to the overall setup. Alternatively,
separation methods such as molecular sieves or pervaporation'>® can easily meet the
specifications and contribute to reduce the energy costs.?®?! The molecular sieves are
adsorbents with high regeneration cost and in addition, it exists the potential contamination of

the feed during the process. This aspect is not concerned by pervaporation.??
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This section describes the different generations of bioethanol production processes and the
techniques used to purify ethanol to achieve the required specifications for use as a biofuel (>
99.7%).%

1.1.1. Generations of bioethanol

1.1.1.1.  First generation bioethanol

First generation bioethanol is obtained through alcoholic fermentation of fermentable sugars
(glucose, sucrose, etc.).?* Sugar cane, corn and sugar beet are the main crops for bioethanol
production. Sugarcane is mainly grown in tropical regions, especially in Brazil, and is an
important bioethanol resource due to its high content of easily fermentable sugar.? In the
United States, corn is commonly used as a source of bioethanol; The starch is converted into
fermentable sugars through enzymatic hydrolysis.?® In Europe, sugar beet is also a significant
source of bioethanol and benefits from high fermentable sugar content, similar to that of sugar

cane.?’

The production process begins with the preparation of the raw materials, which are delivered,
cleaned, and milled to facilitate the extraction of soluble sugars and starches. For sugar-rich
raw materials, such as sugar cane and sugar beet, soluble sugars are obtained directly milling.
These sugars are then dissolved in water to form a juice extract. For starch-rich raw materials
such as corn and wheat, liquefaction and saccharification stages are added after milling. The
starch is mixed with water and heated to form a slurry. This mixture is then treated with
enzymes, such as a-amylases, which break down the starch into the simpler sugar maltose.
Subsequently, other enzymes, such as glucoamylases, are added to convert maltose into
glucose. The latter is then fermented, where microorganisms, typically yeast, convert the sugar
into ethanol and carbon dioxide. After fermentation, the mixture is distilled to separate the
ethanol from water and other residues. At this stage, an ethanol product with a purity of 95%
can be obtained. In order to obtain high-purity bioethanol, a final dehydration step is necessary.
The concentrated ethanol is dehydrated, typically by adsorption using molecular sieves, by
azeotropic distillation or by pervaporation/vapor permeation to remove residual water,
producing an anhydrous ethanol (> 99.7% ethanol). Despite its technical and industrial
maturity, the main limitation associated with first generation bioethanol concerns its potential
impact on global food security, as the raw materials used for its production come from food
resources. This poses a risk of competition between food and energy needs, which could further

exacerbate tensions over food supplies. In addition, the use of food resources for bioethanol
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production can lead to an increase in food prices, which has a negative impact on the overall
economy and social stability, especially in regions where access to food is already scarce. This
situation requires a reassessment of bioethanol production strategies to mitigate the negative

impacts on the availability and cost of food resources.?*2> 28
1.1.1.2.  Second generation bioethanol

The second generation bioethanol production process uses advanced technologies to convert
agricultural and forestry residues that are not competitive for food use into bioethanol. In
contrast to first generation bioethanol, which mainly uses food crops, this process uses all

components of the biomass, especially the lignocellulosic components.

Lignocellulosic biomass is a complex substrate composed of three main fractions: cellulose,
hemicellulose and lignin. The ethanol production process involves optimizing the production
of monosaccharides from the cellulose and hemicellulose fractions and their subsequent
conversion into ethanol. The pretreatment stage represents the first process step in which the
biomass is prepared for subsequent chemical and enzymatic reactions. This is achieved through
a combination of physical and chemical modifications to its structure. The specific pretreatment
methods used may include mechanical (grinding), thermal (heating), chemical (acids, alkalis,
solvents), or a combination of these techniques. The overall goal is to reduce the crystallinity
of cellulose and separate lignin from polysaccharides, thereby facilitating the hydrolysis of
cellulose and hemicellulose fibers. After pretreatment, the biomass undergoes hydrolysis to
break down the long chains of cellulose and hemicellulose into simpler sugars, mainly hexoses
(such as glucose) and pentoses (such as xylose). While hemicellulose is easily hydrolyzed, the
hydrolysis of cellulose to glucose is a rather complicated step due to its structure, crystallinity,
and association with lignin and hemicelluloses, which are still present despite pretreatment. The
hydrolysis must therefore be catalyzed either by an acid (diluted or concentrated) or by specific
enzymes called cellulases. The sugars produced during hydrolysis are fermented by micro-
organisms (yeast or bacteria) to produce ethanol. In some cases, genetically modified organisms
are used to efficiently ferment both pentoses and hexoses. The ethanol is then concentrated
(96%) by distillation. As with the first generation process, ethanol is further dehydrated (>
99.7%) by molecular sieve adsorption, azeotropic distillation or pervaporation/vapor
permeation. Although the technology for producing second generation bioethanol has now
reached industrial maturity, global production is still largely dominated by first generation
bioethanol. The latter is economically more attractive due to its conversion efficiency and often
lower costs. The production of second generation bioethanol is technically more complex,
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requiring costly pre-treatments to make fermentable sugars accessible, which raises production
costs. Besides the issue raised by this work, i.e., the unstable poly(vinyl alcohol) (PVA)-based
pervaporation membranes towards bioethanol impurities, one of the primary issues concerning
the production of bioethanol from second generation is the need for advanced technologies and

facilities to facilitate the biomass conversion process.? 293
1.1.1.3.  Third generation bioethanol

The third generation of bioethanol, produced from micro- and macro-algae, represents a
promising advance over previous generations that utilize food crops and lignocellulosic
residues. This generation focuses on the use of algae due to its rapid growth ability, high lipid
(for biodiesel) and carbohydrate (for bioethanol) content, and lower dependence on agricultural
land use, thereby minimizing its impact on food security. The production process is similar to
that of previous generations, with several steps involved. First, the algae are harvested and
pretreated, which usually includes drying and grinding. The biomass is then subjected to
hydrolysis, in which the algae polysaccharides are broken down into simple sugars either by
acid hydrolysis or enzymatic hydrolysis. This step is crucial because it prepares the biomass for
fermentation. During fermentation, sugars are converted into ethanol and carbon dioxide by
microorganisms such as Saccharomyces cerevisiae. Two approaches are commonly employed:
fermentation separated from hydrolysis (Separated Hydrolysis and Fermentation, SHF) and
simultaneous fermentation with saccharification (Simultaneous Saccharification and
Fermentation, SSF). The latter is often the preferred option due to its capacity to reduce
production time and associated costs. As in the other two previous generations of bioethanol,
the ethanol is then concentrated by distillation and further dehydrated by molecular sieve
adsorption, azeotropic distillation or pervaporation/vapor permeation (> 99.7%). This method,
though promising, still faces significant challenges, particularly in terms of production costs,
economic viability and industrial scale. Technological advances and continuous improvement
in algae cultivation and ethanol extraction techniques are therefore crucial to the future of third

generation bioethanol 3%3°

1.1.2. Separation processes for (bio)ethanol purification

To be suitable for use as a biofuel, bioethanol must be purified to over 99.7%. This final
purification step is common to all generations of bioethanol presented in the previous sections.
The main difficulty lies in the separation of the azeotropic ethanol-water mixture, which limits

the efficiency of conventional distillation. Conventional distillation can produce up to about
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90% pure ethanol, but beyond this concentration the separation becomes more complex and
energy-intensive, making the process less economically attractive.3® To solve this problem and

obtain anhydrous ethanol, several advanced techniques are used.

Extractive distillation is a separation technique used when conventional distillation is
inefficient, primarily due to the formation of azeotropes or minimal differences in volatility
between components. This method involves adding a miscible, non-volatile solvent that
influences the volatile properties of the components in the mixture, thus facilitating their
separation.®” Industrial purification of ethanol above the azeotropic point has proven to be
effective when using ethylene glycol (EG). EG is added from the top of the distillation column,
where it increases the activity of water, thereby reducing its relative volatility compared to
ethanol. The heavier mixture of water and EG is recovered at the bottom of the column while
ethanol, now the more volatile component, is collected from the top of the column. The
recovered mixture of EG and water is subsequently separated by a further distillation step or

other separation techniques and then reused in the process.??

An alternative method of breaking the azeotrope is to introduce a third component, resulting in
the formation of a new heterogeneous low boiling point azeotrope. This process is called
azeotropic distillation.® Substances such as benzene, cyclohexane or heptane form azeotropes
that are more volatile with water than the ethanol-water azeotrope. Typically, ethanol is first
concentrated near the azeotrope by simple distillation. In a subsequent distillation column, the
entrainer is then added from the top tray to form a more volatile azeotrope with water, which is
then removed at the top and pure ethanol is recovered from the bottom of the column. The
overhead effluent is then condensed to separate the water from the entrainer, which can be
reused. Although azeotropic distillation is an effective and widely used process in industry, it
is very energy-intensive and environmentally harmful due to the use of toxic entrainers.
Therefore, safer alternatives for dehydration, such as molecular sieves or membrane processes,

are preferred to minimize potential toxicity problems.%

In the bioethanol dehydration process, molecular sieves work by selectively adsorbing water
molecules using the steric exclusion principle. These materials, often composed of zeolites
(3A), have uniform pore sizes (3 A) that are slightly larger than water molecules (2.8 A) but
smaller than ethanol molecules (4.4 A). When the mixture of ethanol and water from distillation
is passed through the molecular sieve, the smaller water molecules are captured by the sieve
pores through physical and chemical interactions. Ethanol molecules that are too large to

penetrate the pores continue to pass through the sieve without being adsorbed. Once the sieve
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pores are saturated with water, the adsorption process is temporarily interrupted to allow the
sieve to regenerate. This process typically involves heating the molecular sieve or reducing the
pressure (pressure swing adsorption) to release the adsorbed water so that the sieve can be
reused for further adsorption cycles. In an industrial plant, several sieve beds can be used
alternately to enable continuous production. While one bed regenerates, the others continue to
process the ethanol stream, ensuring uninterrupted operation. In bioethanol production (first
and second generation), the use of molecular sieves for dehydration is well established. For
example, type 3A zeolite-based molecular sieves are commonly used to remove water from
bioethanol. Molecular sieves are generally less energy-intensive than azeotropic or extractive
distillation processes, as they require less heat and pressure to operate efficiently, a key factor
in their industrial success. Sieves can be regenerated and reused several times, which reduces
the amount of waste generated and can reduce long-term operating costs. Although reusable,
molecular sieves require frequent regeneration, which can involve energy-intensive heating
cycles. Molecular sieves are susceptible to contamination by other chemicals present in raw
bioethanol, which can decrease their efficiency and lifespan. While molecular sieves offer
significant advantages in terms of product purity and energy efficiency, they require higher

initial investment and careful management to maximize their efficiency and longevity.0-42

Pervaporation is a promising alternative, offering considerable advantages in terms of energy
efficiency and operating costs.**> The process is distinguished by its ability to separate
azeotropic mixtures without requiring additional chemicals, unlike extractive or azeotropic
distillation. In contrast to molecular sieves, pervaporation does not require a regeneration step,
and operating costs are relatively low because pervaporation requires less thermal energy than
traditional distillation methods. It can also be integrated directly into existing processes to
improve efficiency without involving major structural modifications. This can be particularly
useful in configurations where space is limited. Pervaporation is becoming more and more
popular as an alternative to molecular sieves for bioethanol separation and purification. The
main difference between pervaporation and molecular sieves is their greater energy efficiency.
The use of Whitefox's pervaporation technology in bioethanol production plants is a perfect
example of the gradual replacement of molecular sieves by more advanced, energy-efficient
solutions. Designed to optimize production and reduce operating costs, the Whitefox
pervaporation system enables bioethanol plants to minimize energy consumption while
maximizing ethanol recovery.*** Whitefox Technologies' ICE systems use pervaporation
hollow fiber membranes specially designed for ethanol dehydration. These membranes are

typically polyimide membranes, known for their high performance, thermal and chemical
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stability, and excellent selectivity for water.'® Another major actor, Mitsubishi Chemical, has
also deployed its ZEBREX systems worldwide in the bioethanol industry. These systems use
advanced zeolite-based membrane technology, optimized for efficient ethanol dehydration.
Mitsubishi's ZEBREX membranes are capable of significantly reducing energy consumption
compared with traditional methods. They are used in first- and second generation bioethanol
plants, processing both food feedstocks such as corn and sugarcane, and non-food
lignocellulosic substrates.**>* PVA-based membranes, previously commercialized by Sulzer
and subsequently by DeltaMem, have demonstrated their effectiveness in bioethanol
dehydration processes, as for example in a pilot study carried out in 2013.52 These membranes
were used for ethanol dehydration, exploiting their high selectivity and ability to operate under
less energy-intensive conditions compared to traditional methods. In some industrial plants,
hydrophilic PVA-based membranes are used for the final dehydration stage of bioethanol
produced from first generation feedstocks. However, the application of these membranes for
the dehydration of second generation bioethanol derived from more complex feedstocks
presents significant challenges. In particular, the presence of impurities such as acetaldehyde in
second generation bioethanol streams can severely degrade membrane performance.
Acetaldehyde affects the cross-linking of PVA, reducing membrane stability and lifetime.
Despite their lower cost than competitors’ membranes, which makes them particularly
attractive, these PVA-based membranes require improvements in terms of chemical stability to
extend their lifetime and maintain their efficiency under various industrial conditions. These
developments are crucial for industrial scale-up and for fully exploiting the potential for cost
reduction associated with these membrane technologies in bioethanol production.t®

1.2. Pervaporation

Pervaporation is an advanced membrane separation technique that exploits the differences in
chemical affinity of components in a liquid mixture with a selective membrane to separate them,
particularly from azeotropic mixtures or compounds with close boiling points. The process
involves two main steps: preferential sorption of the permeable component at the membrane
surface on the feed side, followed by diffusion through the membrane, and finally evaporation
as a vapor phase on the permeate side under partial vacuum or inert gas sweep. The advantages
of pervaporation lie mainly in its ability to separate complex mixtures without the need for
additional chemicals or high temperatures, thus preserving the thermal integrity of sensitive
compounds and reducing energy consumption. In addition, this technique offers high selectivity
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due to the specificity of the membrane, which can be designed to target specific components by
adjusting its composition and structure. The membranes used can be optimized to increase their
hydrophilicity or hydrophobicity, depending on the separation requirements. As a result,
pervaporation is particularly relevant for industrial applications such as the dehydration of
organic solvents or the treatment of aqueous waste streams, offering a low environmental

impact and economically viable solution when dealing with challenging separations.>

1.2.1. Membranes for pervaporation

1.2.1.1. Membrane structure and fabrication methods

The choice of the membrane to be used in a pervaporation process is an important step in the
adopted strategy. Before going into detail on the material choice that constitute the membrane,
which directly influence the transport properties, the importance of the morphology and
structure of the membrane together with the common method to produce membranes are
described and discussed. As the purpose of this work is focused on pervaporation membranes,
porous membranes will not be presented as they are related to other membrane separation

processes.

Dense (isotropic) nonporous membranes consist of a thick layer, typically between 10-100 pm.
As mentioned in the previous section, the thickness is a major factor to consider due to the mass
transfer resistance phenomenon. Hence, this type of membranes are not suitable for industrial
separation processes.’* Nevertheless, they are great tools to characterize the membrane material
properties on a laboratory scale. Dense films are commonly produced by solution casting using
a casting knife (Figure 1-1). The formation of a dense film results of the transformation from a
liquid to a solid state, called phase inversion. In order to control the thickness of the prepared
film, the gap between the blade and the surface is adjusted to the targeted final thickness. The
casted solution is left at room temperature or placed in an oven to enable the solvent to
evaporate. The solvent choice is crucial as it influences the speed of formation of the film. In
general, high boiling point solvents are not suitable for the evaporation induced phase
separation due to the too low evaporation rate. Such solvents, like DMF, NMP or DMAC are
rather used for the preparation of porous membrane by immersion precipitation in a coagulation

bath containing a nonsolvent.
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Figure 1-1. Dense film preparation using a casting knife.>

Anisotropic membranes, more specifically composite, are of much greater interest for
pervaporation applications as they enable higher permeation fluxes. These membranes are
usually produced by coating a thin layer on a suitable thicker porous support (e.g., ultrafiltration
membranes) in order to provide enough mechanical strength for handling the membrane. The
most important technique to coat a thin layer is dip-coating. Usually, the thickness ranges within
0.5-2.0 pm.

The presence of a nonporous top layer directly governs the transport properties of these
membranes. Hence, the choice of material according to the physical and chemical properties is

fundamental based on the separation that needs to be performed.

1.2.1.2. Membrane materials

In general, hydrophilic pervaporation membranes are used for solvent dehydration, while
hydrophobic membranes are used for organic solvent recovery.*® As the focus is on hydrophilic
pervaporation membranes for bioethanol, hydrophobic membranes are beyond the scope of this
thesis. Pervaporation processes involving hydrophobic membranes have a different approach
than dehydration using hydrophilic membranes. In fact, such membranes typically work with
aqueous ethanol solutions and display poor selectivity. As a consequence, the permeate need
additional treatments. This is not the case using hydrophilic membranes. The latter can reach

low moisture content without including additional steps. Hence high purity grade (bio)ethanol
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is obtained at the end of the process. Recent reviews reporting the latest achievements on
hydrophobic membranes can be found in the literature.>"-

1.2.1.2.1. Polymeric membranes

Since the first pervaporation installation using PVA membranes, four decades have passed and
PVA still remains the benchmark material for the dehydration of alcohols.> %% Together, with
the good film forming ability, PVA is a material of choice for hydrophilic pervaporation
membranes and several other applications due to its numerous advantageous features.®*%* The
polymeric structure consists of a simple backbone with hydroxyl pendant side groups. The
amount of these moieties depends on the degree of hydrolysis of the poly(vinyl acetate) (PVVAc)
precursor. PVA has a glass transition temperature around 80°C and it starts to decompose above
200°C. Due to the high amount of available hydrogen bonding sites, PVA tends to swell
excessively whenever the water content starts to be considerable. For this reason, crosslinking
is commonly applied between the polymer chains to prevent this phenomenon from happening.
Commercially available PVA membranes are crosslinked by chemical modification in presence
of compounds such as dianhydrides, dialdehydes, etc.55-% Besides the excellent dehydration
properties, some limitations are evidenced in some cases. The resulting acetal/hemiacetal bonds
formed are prone to hydrolysis, especially in the presence of impurities. In particular, complex
mixtures from fermentation broths that contain such harmful chemicals, make the membrane

performance unstable and not suitable for application.®’

The research is still ongoing to improve PVA based membrane.%®"® Recently, major
improvements were introduced to the PERVAP™ membrane series from DeltaMem AG
(Switzerland), which make the membranes more robust in terms of separation performances

and process sustainability.”

While the semi-crystalline nature of PVA and low free volume provide excellent selectivity,
the water flux is often weak. One strategy to improve this feature is blending PVA with
hydrophilic polymers. Common polymers such as chitosan (CS), sodium alginate (Na-Alg) and
polyvinylpyrrolidone (PNVP) are employed to prepare blends and were also investigated on
their own in some cases. Nonetheless, those studies often failed to implement such membrane

materials on larger scales.”>"

Besides PVA, other hydrophilic polymeric materials such as polyelectrolyte complex (PEC)
and polyamide (PA) are commonly studied. PEC membranes are fabricated using a layer-by-

layer (LbL) assembly, which enables to have good control on the thickness deposited.” With
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thin selective layers, high fluxes can be readily obtained. However the manufacturing of defect-
free membranes is challenging, hence stability can be compromised.®® To contrast this issue,
thicker depositions were found to be efficient. On the other side, such strategy led to balanced

separation performances by sacrificing the fluxes.”

Another class of polymeric membrane materials is polyimides (PI). High hydrophilicity is
ensured by the presence of imide functional groups, able to form hydrogen bonds with water
molecules.”” Even though the results were promising and encouraging, some issues were faced
in infrastructures for cellulosic ethanol, probably due to hydrolytic scission reactions between
the imide groups and water molecules present in the feed.”

1.2.1.2.2. Inorganic membranes

Several inorganic membranes for pervaporation have been developed for pervaporation. The
greatest advantage of using such materials is due to their high chemical and thermal stability.
In addition, compared to polymeric membranes they do not suffer from swelling. These

materials are typically zeolite, silica or metal-organic framework (MOF).

Zeolite membranes, commonly produced via hydrothermal synthesis or secondary growth
method, are crystal layers with sub-nanometer pores.” The most studied zeolite is the NaA
membrane (LTA-type) produced and commercialized by Mitsui Engineering and Shipbuilding
Co. (Japan).2® This material displayed outstanding separation performances for ethanol
dehydration by pervaporation with water fluxes of 9 kg.m.h"tand a separation factor of 10000
for a water concentration in the feed of 10 wt.%.8* The CHA type not only showed excellent

dehydration properties, but also strong stability towards acid (pH 3, 550 h).%2

While, the results are appealing for ethanol dehydration, the application at larger scale is not
easily implemented due to the manufacturing process. Compared to polymeric material, the
costs are considerably more expensive (up to 100 times). Furthermore, it has been observed that
inter-crystalline defects can occur due to adsorption of water inside the NaA zeolite. As a result,
the selectivity drastically decrease at lower water concentrations.®® Thus, some challenges still

remain before the zeolite membranes can affirm their potential on the market.

Silica is another class of inorganic membranes. Major improvements have been achieved over
the last decades. The current available membranes or latest developed prototypes show great
butanol/isopropanol (IPA) dehydration performances with impressive water fluxes of

approximately 10 kg.m?2.h?' and water concentration in the permeate of 98 wt.%. The
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membranes can perform at high temperatures (150°C) and are stable over long period of

operation.?+85 However the performance for ethanol dehydration are not convincing yet.86-87
1.2.1.2.3. Mixed matrix membranes (MMM)

A more recent and elegant approach to produce membranes with improved separation properties
Is to incorporate inorganic or hybrid nanofillers into a polymeric continuous phase to form
mixed matrix membranes.® With the right choice of fillers, specific attributes can be assigned
to the newly formed membrane. The idea is similar to polymer blending. The difference arises
from the nature of the filler that are generally inorganic high performance particles. They are
typically prepared by dispersing the fillers under vigorous stirring and sonication to facilitate
their uniform distribution. MMM obtained from PVA and NaA zeolite particles were

investigated. The resulting performances did not show great synergetic effect.®
1.2.1.3.  Membrane characterization methods

Characterization techniques are an essential part of the development and optimization of
polymeric pervaporation membranes, as they provide a detailed understanding of the
membrane, from its structural and chemical composition to its thermal and mechanical
properties. The main objective of membrane characterization is to establish the relationship

between the membrane's inherent properties and its pervaporation performance.
1.2.1.3.1. Membrane morphology

The morphology of membranes is a major part of membrane characterization. It provides a large
amount of information from different techniques and plays an important role at every stage of

a membrane, from development and optimization to performance evaluation.

Scanning electron microscopy (SEM) operates on the principle of scanning a focused electron
beam across the surface of a material to create high-resolution images. The electron beam
interacts with the atoms of the sample, producing different signals. These signals are collected
by detectors to form images. SEM provides fundamental insights about the morphology of both
the surface and the cross-section of the composite membrane. Compared to optical
microscopes, the resolution offered by SEM is significantly higher, allowing the visualization
of structures down to the nanometer scale. Images of the membrane surface can reveal defects
such as cracks and pinholes,®®®! while cross-sectional images can be used to determine
important parameters such as the thickness of the thin selective layer, and porous substrate
information like pore size, porosity, anisotropy, and more.®*®® Transmission electron

microscopy (TEM) expands the capabilities of electron microscopy by providing nanoscale
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resolution, thus allowing visualization of the finest membrane features. The main difference
between the SEM and the TEM lies in how they are used to generate images: the SEM scans
the surface of the sample with an electron beam to obtain topographical images, while the TEM
focuses an electron beam through an ultrathin sample to reveal the internal structure and atomic
composition. This technique is useful for evaluating the distribution of inorganic fillers in
nanocomposite membranes, detecting microvoids, and measuring the thickness of active
layers.%% In combination with electron microscopy, atomic force microscopy (AFM) provides
amore detailed view of the membrane surface. AFM is a technique that measures the interaction
forces between a sharp probe (cantilever with a nanometric tip) and the surface of a sample. As
the probe scans the surface, the cantilever is deflected by the attractive or repulsive forces
between the tip and the sample. The deflection is measured by a laser beam that is reflected
from the top of the cantilever into a photodetector. The cantilever's movements are used to
collect data that is then used to create high-resolution topographical images of the surface. This
enables the visualization of surface features and roughness.®? % In addition to topographic
analysis, AFM can also probe the mechanical properties of the membrane surface, such as
stiffness and elasticity, which can be used to further identify specific materials and provide

information about membrane homogeneity.%”-°
1.2.1.3.2. Thermal properties

The thermal properties of pervaporation membranes, such as their thermal stability and
response to temperature changes, are critical factors that directly affect their performance and
lifetime in separation processes. Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) are the main methods used for thermal characterization.

DSC measures the heat absorbed or released by a sample as it is heated or cooled over a range
of temperatures. It is useful for determining the temperature of phase transitions, including the
glass transition temperature, as well as melting and crystallization phenomena. The operating
principle of DSC is based on the comparison of heat flows between a sample and an inert
reference. The sample and reference are placed in separate crucibles inside the DSC calorimeter
and heated or cooled at a controlled and uniform rate. The instrument measures the difference
in heat flux required to maintain the sample and reference at the same temperature, which is
recorded as a function of temperature or time. Thermal transitions in the sample, such as
melting, crystallization, glass transition, and exothermic or endothermic reactions, produce
changes in heat flux. These changes are detected by DSC and presented as curves, where the
peaks represent the thermal events. The area under the peaks corresponds to the amount of heat
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absorbed or released during the transition, allowing for the determination of thermodynamic
properties such as transition enthalpy and specific heat capacity.!® The glass transition
temperatures and the degree of crystallinity are very important properties for pervaporation
membranes.®* The former provides information about the applicable temperature range for the
process, due to the higher degree of thermal motion of a semi-crystalline polymer, specifically
in its amorphous phases but also essential indications about blends and composition of
fabricated membranes.'%? The latter provides indications about the robustness of the membrane
matrix. Crystalline regions are impermeable, making them an important factor when it comes
to producing membranes with high selectivity.%* 1%3-104 TGA complements DSC by providing a
detailed profile of the thermal stability of the membrane by measuring weight changes as a
function of temperature. TGA can identify the onset of thermal degradation and quantify the
residual mass at elevated temperatures. This offers insights into the compositional changes that
occur during thermal exposure.’®® Such analysis is useful in evaluating the compatibility of
membrane materials with manufacturing processes. By evaluating the appropriate temperature
range, it is possible to prevent thermal degradation that may lead to performance degradation
in high temperature pervaporation applications.'® A particular useful aspect is the
determination of the composition of the membrane, e.g., the content of blends of different
polymers or (block) copolymers,107-108

1.2.1.3.3. Structural and chemical properties

Pervaporation is a membrane separation process that relies on the chemical affinity between the
permeants and the membrane material. Therefore, the physicochemical properties and chemical
composition of the membrane determine its separation properties. Several analytical methods
can be used to evaluate the different properties, such as Fourier Transform Infrared (FTIR)

spectroscopy, Raman spectroscopy, Nuclear Magnetic Resonance (NMR) spectroscopy, etc.

FTIR spectroscopy is a widely used technique for determining qualitatively and quantitatively
the functional groups present in the membrane material and their interaction with permeating
species. When a sample is exposed to infrared radiation, certain radiations are absorbed,
resulting in molecular vibrations including stretching, bending, or twisting modes. The
corresponding spectrum represents the molecular absorption and transmission, creating a
molecular fingerprint of the sample. Each chemical bond has a characteristic absorption
signature in the IR spectrum, allowing the identification of functional groups and the overall
chemical composition of the membrane. In attenuated total reflectance mode, this spectroscopy

enables the identification of functional groups present over a thickness of around 1 pm.2%® This
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technique is useful for verifying the chemical integrity of the membrane, e.g. after manufacture
or after operation during troubleshooting analysis. It can be used to detect any chemical changes
or degradation that may occur. By analyzing the absorption spectra, researchers can identify
specific functional groups, such as hydroxyl or carboxylic acid groups, that affect the
membrane's affinity for water or organic compounds in pervaporation processes. Another
common use is to assess the degree of crosslinking in PVA membranes by monitoring the
characteristic peaks of hydroxyl groups and the corresponding carbonyl stretch that appear after
the crosslinking reaction has occurred.!*®! A complementary method to FTIR is Raman
spectroscopy. This technique operates on the principle of inelastic scattering of monochromatic
light, called the Raman effect. The incident light interacts with molecular vibrations, resulting
in scattered photons of different energy. The measurement of the wavelength and intensity of
these scattered photons as a function of the incident light forms the basis of Raman
spectroscopy. The shift in energy gives information about the vibrational modes of the
molecules and thus the chemical structure and molecular interactions.'!? This method proved
to play an important role in membrane development studies, such as confirming the
functionalization and dispersion of carbon nanotubes (CNTS) in poly(vinyl amine)-poly(vinyl
alcohol) composite membranes. It also assessed their structural integrity and interactions, which
was crucial for enhancing the performance of these membranes in the pervaporation
dehydration of ethylene glycol.'*® Alternatively, Raman spectroscopy was employed to
characterize the structural features and defects in graphene oxide (GO), crucial for determining
the material's quality and suitability for fabricating composite membranes aimed at improving
pervaporation desalination processes.** The outermost surface chemistry of a membrane can
be analyzed by X-ray photoelectron spectroscopy (XPS). The technique utilizes the
photoelectric effect to measure the elemental composition, as well as the respective chemical
and electronic states within a material. The irradiation of a sample by X-rays leads to the
ejection of core electrons from their atomic orbits within the material being analyzed. This
phenomenon occurs only if the X-ray photon energy exceeds the binding energy of the
electrons. The ejected electrons travel toward a detector where they are quantified and their
Kinetic energy is measured. As a result, the binding energy of electrons can be calculated, which
is characteristic of the type of atom and its chemical state, allowing the identification of the
elements present on the surface material, their quantification and their chemical bonding
state.1?>116 Sych technique is relevant to determine the atomic composition of the elements in
the top layer of the membrane, within a thickness of few nanometers. The surface

hydrophobicity modification can be estimated by studying the ratio of the appropriate elements.
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For instance, XPS was fundamental in confirming the successful grafting of an organic polymer
onto the surface of ceramic membranes. The presence of fluorinated groups on membrane
surface was evidenced, thereby confirming the modification intended to enhance the
membrane's hydrophobic properties.**” In another study, XPS was employed to confirm the
successful crosslinking of chitosan membranes by monitoring the reaction between the
anhydride groups of maleic acid and the amine groups of the chitosan.!!® Analyzing the
molecular structure and determining the functional groups can also be accomplished with
nuclear magnetic resonance (NMR) spectroscopy. It consists of analyzing the interaction of
rotating nuclei in a strong magnetic field. In NMR spectroscopy, a stationary external magnetic
field causes certain nuclei in a molecule to absorb selective radio frequencies. The energy
absorbed induces a transition in the nuclear spins, which is observed in the NMR spectrum.*®-
120 1t js essential to accurately characterize the polymers that are used to prepare the membrane
during its development. In such study, NMR was utilized to characterize the structure and
composition of a polyacrylonitrile-b-poly(ethylene  glycol)-b-polyacrylonitrile  block
copolymer, essential for the development of membranes for efficient acetone dehydration.*?* In
another study, NMR spectroscopy was used to assess the crosslink density of PDMS, crucial
for optimizing the structural integrity and performance of nanofiltration membranes.!??
Furthermore, NMR analysis allowed assessing the structural integrity of polysulfone-based
anion exchange membranes in water electrolyzers, enabling the detection of chemical changes

and degradation in the membrane materials.'?3

1.2.2. Fundamentals of pervaporation

Even though the phenomenon has been observed earlier, the word pervaporation was originally
first proposed by P.A. Kober in 1917.1%* Rapidly, several articles were published on this topic,
but it is only by the 1980s that came the first economically viable pervaporation systems. In
1982, GFT (Gesellschaft fur Trenntechnik) installed the first pilot plant for ethanol
dehydration.> Over the past decades, the technology has been further developed. Today,

pervaporation’s efficiency and application on an industrial scale have been widely proven.*® ¢

125

1.2.2.1.  Membrane performance

The separation performance of a membrane on a liquid mixture is evaluated in terms of quantity

of permeate obtained within a timeframe during operation. The quality of the separation is
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revealed by the composition of the permeate. The permeation flux J of the component i is
defined as,

Ji=5—= (1D
where mj is the amount of component i collected within the operating timeframe t over the

effective membrane area A.

In order to assess the selectivity of the membrane over the components present in the feed, the
composition of the collected permeate is analyzed, e.g. by gas chromatography (GC). Typically,
for binary mixtures, the term of separation factor fij is employed and defined as,

_ yi/yj
Xl/x]

Bij (2)
where y and x are the weight fractions of the components i and j in the permeate and in the feed,

respectively.

Although the separation factor is explicit, from a practical point of view and especially in
industry, the composition of the permeate is very often sufficient. It allows to evaluate the
separation in an even more relevant way, because it spontaneously allows to know the quality

of the product at the end of the process.

These characteristics make it possible to evaluate the performance of a membrane during a
pervaporation process. Nevertheless, these quantities are directly influenced by the intrinsic
properties of the membrane material, but also by the experimental conditions.

In a single study, the performance of different membranes can be estimated. In order to compare
the different samples, identical experimental conditions must be applied perfectly. This allows
the differences in performance due to membrane properties to be highlighted, excluding effects

from feed composition, temperature or pressure.'?

In the research and development of new materials or manufacturing methods, it is important to
be able to compare and evaluate the performance of prototypes. Thus, reporting results through
normalized characteristic quantities allows for a more accurate comparison, by considering the
driving force across the membrane. As in gas separation, a far more relevant way of presenting
membrane performance is to use the permeability, which reflects the intrinsic properties of the

membrane.>®
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According to the solution-diffusion model, the permeability P of a component i can be
determined as,

Ji X1

sat

(P — yipP)

P; 3)
where Ji is the permeation flux, | is the membrane thickness, xi and y; are the mole fraction of i
in the feed and the permeate, respectively. pi*® and pP are the saturated vapor pressure of i in
the feed and the reduced pressure applied in the permeate, respectively. yi is the activity
coefficient of i in the feed. The saturated vapor pressure can be obtained using Antoine’s
equation, while the activity coefficient can be calculated using appropriate models, such as
Wilson, NRTL or UNIQUAC.*’

When asymmetric membranes are studied, the thickness of the active layer is unknown and
permeability values cannot be reported. In this specific case, the permeance (P/l) is employed

to describe the separation performance.

Furthermore, the membrane selectivity «jj is defined by the ratio of the permeabilities of the

components i and j,
P;
Qi == (4)
5] P]

where Pi and Pj represent the aforementioned permeabilities of the components i and j.126 128

A trade-off is frequently observed between the permeation through the membrane and the
quality of the separation. Through the application of modifications, one is generally improved

and leads to the decrease of the other.
1.2.2.2.  Transport mechanism in pervaporation

The basic principle of pervaporation relies on the ability to separate components from a liquid
mixture. During the separation process, the liquid (commonly specified as feed) is brought into
contact with a semi-permeable membrane. The membrane acts as a barrier and the nature of the
material employed plays a key role in the preferential sorption of one component from the feed
mixture. Heat is usually supplied in order to promote the phase change from liquid to vapor
during permeation through the membrane. On the downstream side, the permeating species,
called permeate, are collected by cooling the vapors, which are condensed on the walls of a
receiver. Either vacuum or sweep gas are employed to generate a gradient of chemical potential

across the membrane, which allow to keep a constant driving force for the transport.>® The
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fraction that failed to permeate through the membrane goes back to the feed tank and is defined
as the retentate (Figure 1-2). The process is often run in a batch mode and terminates when the
required grade or purity is achieved. Besides the ability to overcome azeotropes, pervaporation

is favorable for the separation of mixtures containing thermally sensitive components.1?°

Membrane
o [S)
ro Oe |e o © .
\) O o (o]

Feed % o Ooe 2 Permeate
(liquid) Oe Ooo___—o—_* o @ (vacuum)
— » °00 O o —
o 0 ~© © o

O o O o| o
00 .20 o &
O b O—f==—= > © o
(o] O O ° o © ©
O o) O o e}
Organic
@ Water

O compound

Figure 1-2. Pervaporation process for the dehydration of organic mixtures. Reprinted with

permission from**°
1.2.2.3.  Solution—diffusion model

The most widely accepted transport mechanism is the solution-diffusion model, which was first
proposed by T. Graham based on gas permeation experiments through homogeneous
membranes.’®! The permeation of a component through the membrane is ensured by three
consecutive steps. The first step is represented by the preferential sorption of one component
into the membrane material at the upstream side. The component diffuses through the
membrane to the permeate side, where desorption will conclude the transport phenomenon
(Figure 1-3). Desorption is relatively faster than the first two steps. Hence sorption and diffusion
are the rate controlling stages, which are thermodynamic and kinetic phenomena,
respectively.®> The permeability P is expressed as a function of the product of the two

parameters:
P=DXS (5)

where D is the diffusivity and S the solubility.
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By adjusting these two parameters, the separation performance of pervaporation membranes
can be considerably affected.

The selective behavior depends on the ability of the molecules present in the mixtures to form
specific interaction with the membrane material.3 Using the Hildebrand or Hansen Solubility
Parameters (HSP), such interactions can be predicted.’** As a rule of thumb, similar solubility
parameter values between the membrane material and one component from the mixture to
separate indicates high probabilities of interactions. In other words, the perm-selectivity of this
component is more favorable.'*® For the diffusivity component, the shape and size of the
permeating species, as well as the mechanical properties or free volume of the membrane
material are key role properties. A typical example is that the permeation flux is inversely
proportional to the membrane thickness. A thinner layer generates a lower mass transfer

resistance. Therefore, the permeation flux across the membrane is significantly enhanced.*®
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Figure 1-3. Representation of the solution diffusion model. Reprinted with permission from®®

1.3.  Synthesis of polymeric membrane materials

The design and synthesis of new polymeric materials are part of continuous development in

many fields. To address the essential properties required for pervaporation and the tailored
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fabrication of specific membranes, one must consider the unique demands of separation

performance, chemical, thermal and mechanical resistance, and processability.

The primary property of a pervaporation membrane is its selectivity, i.e., the ability to
preferentially separate specific components based on differences in solubility and diffusivity
within the membrane material. Concurrently, the membrane must exhibit sufficient
permeability to ensure a practical flux, reflecting a synergy of properties, each playing crucial
roles.®® Since compound transport initiates at the liquid/membrane interface, the surface
chemistry of the membrane, and consequently the choice of polymer, is a fundamental
consideration. Regardless of polymer selection, the molecular weight must be sufficient to
provide adequate film-forming properties, as polymers with lower molecular weights tend to
form brittle films. To effectively separate one compound from another, the target compound
must be capable of establishing numerous interactions (e.g., hydrogen bonds, van der Waals
forces) with the functional groups of the polymer(s) constituting the membrane. Depending on
the separation type required, hydrophilic polymers may be employed to separate water from
organic solvents, or hydrophobic polymers to separate organic compounds from water. The
hydrophilic or hydrophobic nature of the membrane can be tailored to target the separation of
aqueous solutions or organic mixtures, respectively. For example, integrating hydrophilic
groups such as —OH, —COOH, or sulfonic groups into the polymer backbone enhances water
affinity, beneficial for the dehydration of organic solvents.*1*° Conversely, increasing
hydrophobicity through the incorporation of non-polar moieties such as alkyl or aromatic
groups, as well as fluorinated or siloxane segments, can be advantageous for the removal of
organic compounds from water.>® 140 |n addition to the presence of functional groups, steric
hindrance is another key parameter. Depending on the structure of the side groups, the polymer
network can present a more or less packing density. This relates to the free volume, that is, the
space not occupied by the polymer chains themselves, providing a path through which
molecules of varying sizes can diffuse, related to steric exclusion by sieving.%® Given the harsh
conditions often encountered during pervaporation, such as high temperatures and exposure to
aggressive solvents, the thermal and chemical stability of the membrane material is central 4!
Polymers should be solvent resistant, meaning they should swell upon interaction with one of
the components to separate, yet not dissolve. Swelling can lead to undesired permeation of
molecules due to their co-diffusion with the preferential permeating component.t#? Introducing
cross-linking agents during membrane formulation and fabrication can further enhance the
membrane's resistance to swelling and degradation. Different types of cross-linking exist, each

with their advantages and limitations, often representing the weak points of the membrane due
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to degradation because of chemical reactivity with components present in the mixture.® 143 Due
to high operating temperatures (typically up to 100°C), polymers with high melting
temperatures and inherent chemical resistance are required. Semi-crystalline polymers are
particularly valuable due to the presence of crystallites which impart additional robustness,
thereby considerably improving the resistance of the membrane, and are excellent alternatives
to chemical cross-linking.** While tailoring membrane properties at the laboratory scale, it is
crucial to consider the scalability and economic feasibility of the membrane production process
for industrial applications. Composite membranes with the thinnest selective layer possible are
necessary to minimize mass transfer resistance.'*® Therefore, the polymer/solution system
should permit the preparation of such thin layers on porous supports, ensuring that the solvent
used and/or the temperature during the coating process do not dissolve or degrade the substrate.
Another fundamental aspect is the type of solvents used and the subsequent waste management.
For example, PVA is a prime choice as the polymer is dissolved in water, thereby eliminating
the need for hazardous chemicals and avoiding hazardous waste generation, with water readily
evaporating at 100°C, which is preferable over solvents with high boiling points that require a

higher energy supply for heating.

The design and synthesis of polymers for pervaporation membranes require a strategic approach
to polymer chemistry, focusing on achieving a delicate balance between selectivity,
permeability, stability, and processability. These properties are intricately linked to the
polymer’s molecular structure and synthesis approach, underscoring the importance of
advanced polymerization techniques and thoughtful monomer selection in developing
membranes that meet specific pervaporation needs. In this part, the main concepts about
polymer materials synthesis will be presented. The various techniques to achieve specific
structures and/or properties, as well as the methods to develop tailored architecture are
described.

1.3.1. General concepts about free radical polymerization (FRP)

Since the last century, more than 50% of the manufactured synthetic polymers worldwide are
obtained by FRP. Plastic materials settled in human life and contribute to shaping our modern

activities.

Among the various polymerization techniques, FRP is relatively easy to implement and highly

versatile towards impurities present in the reaction mixture.
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The polymerization rely on the generation of free radicals, which further produces propagating
radicals. Free radicals are typically produced by thermal or photochemical homolytic cleavage
of covalent bonds or by a redox process. The formed radicals are transferred from the initiators
to the vinylic monomer. The molecule turned now into another radical which will continue to
propagate until all monomers are consumed or termination reaction occurs. The rate of
propagation, corresponding to the chain growth, is highly dependent on factors such as radical
reactivity, solvent and temperature. At the end of the polymerization, two types of termination
can take place: combination between two chain ends or disproportionation which form an

unsaturated end-group.

The most common initiators are: 2.2'-azobisisobutyronitrile (AIBN), potassium persulfate
(KPS), dibenzoyl peroxide (BPO), and 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (lrgacure 2959). By adjusting the ratio [Monomer]:[Initiator], it is
possible to target a degree of polymerization DPn as follow,

DPn = Mo (6)

[1]

Such polymerization techniques are commonly employed to perform homopolymerization,

copolymerization, crosslinking and grafting.

1.3.2. Amphiphilic block copolymer synthesis

The progress in polymer chemistry gave access to a variety of polymers with tailored properties,
thus serving to select specific components, where the precise role of each lead to a well-
controlled system. Two or more chemically different polymeric domains, covalently bound
together are defined as block copolymers. More specifically, amphiphilic block copolymers are
composed of both hydrophilic and hydrophobic blocks, often named as diblock (AB), triblock
(ABA or ABC) or multiblock (ABCBA, ABCD, etc.). According to the required properties,
amphiphilic block copolymers are built/designed by combining specific types of hydrophilic
and hydrophobic blocks.

In order to prepare amphiphilic block copolymers, controlled polymerization techniques are
commonly used: Atom transfer radical polymerization (ATRP),}*¢ reversible addition
fragmentation chain transfer (RAFT),4"18 jonic polymerization and combinations thereof .4
130 Typically, sequential chain extension can be used, in which a first block is polymerized using
the aforementioned techniques, forming the so-called macro-initiator. The immediate addition

of a second monomer leads to chain-extension, yielding a diblock copolymer. This approach
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allows the adjustment of each block length by terminating the corresponding chain extension
according to the desired degree of polymerization. Tri- or multiblock copolymers can be
obtained analogously either by sequential chain extension (asymmetric ABA, ABC, ABCD,
etc.) or by a bifunctional initiator (symmetric ABA, ABCBA, etc.). Monomer conversion as
well as the living character of the polymer chain are fundamental parameters to be considered

among each chain extension.
1.3.2.1.  lonic polymerizations

1.3.2.1.1. Anionic polymerizations

Living anionic polymerization was demonstrated by Szwarc and coworkers in 1956151152
Anionic polymerization is a chain growth polymerization technique in which polymer chains
grow via an anionic propagating intermediate. Initially, a (nucleophilic) initiator reacts with a
monomer to form a living anion that remains active throughout the reaction. This reactive
anionic species propagates by successive addition of monomers without significant termination
or chain transfer until all the monomer is consumed or the reaction is stopped. Anionic
polymerization can be employed to polymerize a variety of monomers, including styrenes,
dienes, acrylates, methacrylates, among many other vinyl monomers. This technique is also
employed in the ring-opening polymerization of cyclic compounds, including epoxides, cyclic
trisiloxanes, lactones, lactams, etc. The monomers should be able to stabilize the negative
charge through charge delocalization. Temperature, solvent, and the nature of the counterion
are critical parameters that affect the reaction kinetics and stability of the living anion. The
presence of oxygen, carbon dioxide or moisture should be avoided as these impurities can
quench the living anion and stop chain growth. This precise control results in polymers with
high molecular weights and a narrow molecular weight distribution, which is critical for

applications requiring high material performance.>®
1.3.2.1.2. Cationic polymerizations

Cationic polymerization®>*1% is a type of chain growth polymerization that involves the growth
of polymer chains by the reaction of monomers with a cationic initiator. The initiation step
involves the formation of a cation, which is often generated by the action of a Lewis acid or
other electrophilic agent (co-initiator), e.g., water. By addition reaction, the proton thus formed
cleaves the monomer's double bond, forming a new cation which can then react with another
monomer. This type of polymerization is particularly effective when applied to monomers that

stabilize positive charges, such as olefins and heterocyclic monomers (lactones, lactams, cyclic
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amines) for cationic ring-opening polymerization. These monomers are usable due to their
ability to stabilize intermediate carbocations through the presence of electron-donating
substituent groups or ring strain of heterocycles. Like for anionic polymerization, cationic
polymerization is sensitive to moisture and impurities, as these can quench the active

carbocations, thus terminating chain growth. %

lonic polymerization techniques are limited due to their high sensitivity to impurities. Hence,
the solvent choice is important and the preparation of each reactant has to be handled very
carefully to reach the desired purity grade. On the other hand, with ionic polymerizations, high
monomer conversions can easily be reached by maintaining narrow polydispersity.’>” For
example, polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) has been successfully
synthesized by anionic polymerization in a two steps sequential monomer addition. In some
particular cases, modifications are required prior to the addition of the second monomer as for
poly(ethylene oxide)-block-poly(ethyl ethylene) (PEO-b-PEE), in which a polybutadiene
(PBD) precursor is first hydrogenated to yield the PEE macroinitiator. Subsequently, ethylene
oxide is polymerized to obtain the diblock copolymer.t*® In another study, poly(acrylic acid)-
block-polybutadiene (PAA-b-PBD) was prepared by sequential addition of butadiene and tert-
butyl acrylate, followed by hydrolysis to its acid form.'® The combination of different
polymerization techniques is another possibility. Namely, the preparation of
poly(dimethylsiloxane) (PDMS) by anionic polymerization was followed by activation and
cationic ring-opening polymerization of 2-methyl-2-oxazoline (MOXA) monomers to obtain
poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline)  (PDMS-b-PMOXA)  diblock
copolymers (Figure 1-4).1%0
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Figure 1-4. Synthesis route of PDMS-b-PMOXA combining both types of ionic

polymerizations. Reprinted with permission from*¢
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1.3.2.2.  Controlled radical polymerization

Controlled radical polymerization techniques (CRP), such as ATRP or RAFT, have recently
been developed and have provided interesting and more versatile alternatives for the production
of block copolymers. Both techniques require an initiator. The polymerization is governed by
an equilibrium between active species and dormant ones. The latter is constantly re-initiated in
order to form the active species responsible for propagation through the addition of monomers.
With these techniques, it is usually recommended not to exceed monomer conversions of 90%,
above which the probability of termination is higher, risking to form dead chains unable to

continue chain-extension.

1.3.2.2.1. Atom Transfer Radical Polymerization

Atom Transfer Radical Polymerization (ATRP) is a controlled polymerization method that can
be applied to synthesize polymers with well-defined molecular architectures and precise
monomer composition. This technique is crucial for the manufacture of block copolymers and
functionalized polymer materials.61-163 The ATRP mechanism (Figure 1-5) is based on a redox
reaction between a transition metal complex and an alkyl halide. It typically involves an
initiator, an alkyl halide, a monomer and a transition metal complex as catalyst, together with
its ligand. The metal complex (Mt™ / L) initiates the homolytic cleavage of the alkyl-halogen
bond of the initiator, resulting in the generation of the metal complex with oxidation state n+1
(X-Mt™1 / L) and a radical. The latter reacts with a vinyl monomer, which represents the
propagation step. Subsequently, the radical species either terminates with another organic
radical or is reversibly deactivated by Mt™X / L, to form a halogenated dormant polymer
chain. Then, a reversible equilibrium, involving active and dormant species, can be established.
In order to control the polymerization kinetics and molecular weights, it is necessary to shift
the equilibrium towards the dormant species that do not react with the monomer. In order to
produce narrowly distributed (co)polymers, the transition between active and dormant species

must occur rapidly.
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Figure 1-5. Mechanism of transition metal complex-mediated ATRP. Reprinted with

permission from?4

The selection of optimal reaction conditions and components is essential to achieve effective
control of the reaction and to ensure the synthesis of high-quality polymers. The choice of
ligand for the transition metal complex is crucial, as a suitable ligand stabilizes the redox states
of the transition metal and facilitates electron transfer. The concentration of the catalyst directly
influences the rate of the reaction and the equilibrium between the active and dormant species.
By ensuring proper control, it is possible to minimize chain defects and optimize reaction
efficiency. The development of ATRP variants, such as ICAR ATRP (Initiators for Continuous
Activator Regeneration ATRP) and ARGET ATRP (Activators Regenerated by Electron
Transfer ATRP), has been driven by the need to reduce the amount of copper required and to
operate under gentler conditions. In ICAR ATRP, a continuous source of free radicals is
employed to regenerate the low level of active copper (I), while in ARGET ATRP, reducing
agents are utilized to regenerate copper (1) from copper (1), thus enabling polymerization at

lower metal catalyst concentrations.'%
1.3.2.2.2. Reversible Addition-Fragmentation Chain Transfer

Reversible Addition-Fragmentation Chain Transfer (RAFT) is an advanced technique for
synthesizing polymers with precise molecular structures and narrow molecular weight
distributions.'®-1%8 The mechanism of RAFT is based on the use of a specific chain transfer
agent (CTA), which is often a thiocarbonylthio compound (R-S-C(=S)-Z), where R and Z are
organic groups that modulate the stability and reactivity of the intermediate radicals. The
polymerization process is initiated with conventional radical initiators (such as azo compounds
and peroxides) that generate primary radicals. These radicals initiate addition to monomers to
form growing polymer radicals. The crucial step in RAFT polymerization is the reversible
reaction between these growing polymer radicals and the CTA. This reaction leads to
fragmentation and the formation of new radicals that can further drive polymerization. This
degenerative transfer process crucially mediates control over molecular weight and

polydispersity index. The next stage is the propagation step, where more monomers are added
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to the polymer chain by the new radicals generated by the RAFT agent. Due to the moderated
radical environment afforded by the RAFT agent, termination reactions can still occur, albeit at
a slower rate, through combination or disproportionation. This cycle of chain transfer and
fragmentation regenerates radicals intermittently, thereby ensuring uniform polymer chain

growth while maintaining a narrow molecular weight distribution.
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Figure 1-6. Mechanism of RAFT 168

The principal advantage of RAFT s its robustness and flexibility, capable of operating
efficiently with a wide range of monomers ((meth)acrylates, styrenes, (meth)acrylamides, vinyl
esters/amides) and under various polymerization conditions. This versatility makes it a suitable
method for the synthesis of block copolymers. Several key parameters influence the efficiency
of RAFT polymerization, in particular the nature of the RAFT agent employed. Thioesters,
dithioesters, trithiocarbonates and xanthates are commonly used agents, each presenting distinct
characteristics in terms of stability and activity depending on the desired polymer structure. The
choice of RAFT agent is crucial to achieve good chain growth control and a narrow molecular

weight distribution. 68169

The combination of techniques is emerging as a powerful strategy for the synthesis of block
copolymers with complex architectures and functionalities. The joint use of these controlled
polymerization methods not only enables precise manipulation of chain length and block

composition, but also the incorporation of a variety of functional monomers that are difficult to
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polymerize by a single technique. This hybrid approach offers exceptional flexibility in
copolymer design, exploiting the specific advantages of each technique to overcome the
limitations inherent in using a single polymerization method. In an innovative approach, a
bromoxanthate iniferter was synthesized and used to specifically initiate RAFT polymerization
of vinyl acetate (VAc) via a xanthate group. This macroinitiator was then employed to generate
block copolymers, including PVAc-b-PS, PVAc-b-PMA, and PVAc-b-PMMA, by ATRP of
styrene and methyl (meth)acrylates.!” In another example, polystyrene-block-poly(vinyl
alcohol) (PS-b-PVA) was obtained from PS prepared by ARGET ATRP and modified to a
macroinitiator for RAFT on which PVAc has been polymerized, followed by hydrolysis to yield
in the final PVA block.1"

Although, the possibility of combining synthetic approaches broadens the library of accessible
polymers, chemists still need to work hard on the quantitative attachment of the re-initiation
site for the next polymerization, which is highly recommended to prevent purification
difficulties. To circumvent this problem, two or more homopolymers can be connected together
using coupling reactions such as Diels-Alder, copper-catalyzed azide-alkyne cycloaddition
(CuAAC) or thiol-ene click chemistry, thus offering an increased number of possibilities. To
illustrate, PAA-b-PBD has been prepared by combining poly(tert-butyl acrylate) (PtBA) and
PBD homopolymers, both synthesized beforehand. A hydrolysis step leads to the final
diblock.t"? Poly(dimethyl siloxane)-block-poly(ethylene oxide) (PDMS-b-PEO) diblock
copolymers were synthesized using ring-opening polymerization of
hexamethylcyclotrisiloxane to obtain PDMS-N3 and further coupling with PEO-Alkyne chains
via click chemistry.'”® Complete end-group functionalization and equimolar ratios of both
homopolymers are required, preventing the challenging removal of unreacted homopolymers.
Increasing the number of blocks introduces more challenges, especially in re-initiation,
purification and finding suitable solvent for all the blocks.

1.4. Self-assembly of amphiphilic block copolymers

The self-assembly of amphiphilic block copolymers in solution leads to the formation of many
different assemblies including spherical, cylindrical, gyroidal and lamellar structures.'’* These
assemblies are directly influenced by intrinsic molecular parameters of the amphiphilic block
copolymers and the conditions in which the self-assembly process takes place (concentration
of the copolymer, presence of solvents, temperature, etc.). In this respect, the hydrophilic to the

total mass ratio (f) calculated as the ratio of the molar mass of the hydrophilic block to the total
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molar mass of the copolymer is an important parameter, which governs the resulting

supramolecular assembly:

Mhuydrophilic
f=—7 " (7)

Mpcp

Another molecular parameter influencing the self-assembly into different assemblies is the
packing parameter (p = v/aol¢; v = volume of the hydrophobic part, ap = contact area of the head
group, lc = length of the hydrophobic part) that describes the degree of curvature (Figure 1-7).
For low packing parameter values (0 < p < 0.5), the curvature gradually decreases from high to
medium, resulting in the formation of spherical or cylindrical micelles, respectively. For higher
values (0.5 < p < 1), the curvature is considerably low, which is more favorable for vesicular
structures. The dispersity, B, of the copolymer is affecting the size distribution of the formed
nanostructures: a narrow dispersity typically leads to uniform-sized, whilst on the opposite, a
more polydisperse population is obtained.1>17
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Figure 1-7. Influence of curvature of the amphiphilic block copolymer on the self-assembly

formation. Reprinted with permission from*’’

In the film rehydration method, the block copolymers are first dissolved in an appropriate
organic solvent, followed by evaporation either with a stream of nitrogen or by applying
vacuum in a rotary evaporator. Rehydration takes place by pouring aqueous solution to the dried

film, resulting in the detachment of the structures from the substrate surface.

With the solvent switch method, the self-assembly is induced by adding water drop-wise into a
dissolved and molecularly dispersed polymer organic solution, thus, gradually exchanging the

organic solvent with water. The self-assembly is immediately quenched by being poured slowly
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into an excess of water under continuous stirring in order to kinetically trap the structures.'’®
Finally, the organic solvent is removed from the solution via dialysis.}’® As it has been
demonstrated by Daubian et al.,*8 depending on the chemical nature of the amphiphile, the
solvent switch method may perform faster than the film-rehydration, especially when many

metastable phases of the block copolymer can be formed, leading mostly to less aggregates. '8!






2.  Aim and motivation

As a renewable biofuel, bioethanol plays a major role in the energy landscape worldwide,
contributing to the transition to more sustainable energy sources. Used to replace or supplement
gasoline, bioethanol reduces dependence on fossil fuels and greenhouse gas emissions, thus
aligning with sustainable development goals. Pervaporation is an important option in bioethanol
purification, particularly in the final dehydration stage to achieve the purity standards required
for its use as a fuel. Polymeric membranes for dehydration of first generation bioethanol by
pervaporation were successfully developed in the past. Today, second and third generation
bioethanol is produced from non-food crops (i.e. wood, organic waste or specific biomass
crops) and contains impurities such as organic acids, furfural, aldehydes etc.'®? PVA
membranes are widely used for their efficiency and relatively low cost, making them attractive
for industrial applications. However, the acetaldehyde present in second generation bioethanol
can react reversibly with PVA, thus deteriorating the membrane structure. This degradation
reduces the stability and lifetime of the membranes, thus requiring improvements to ensure their
long-term integrity. Due to these changes, these materials cannot be used as membrane for
dehydration processes of second and third generation bioethanol. The main goal is to develop
a membrane compatible with those impurities. Therefore, the focus is particularly on the design
and development of new polymeric membrane materials. These new membranes will need to
offer enhanced chemical resistance, capable of withstanding exposure to aldehydes without
undergoing significant degradation. Through copolymers synthesis, molecular manipulation
and use of nanotechnology tools, we propose to develop new polymeric pervaporation
membranes with a performance beyond what has been reached up to now. Particularly, these

membranes shall be more stable to harsh chemicals present in bioethanol.

Although commercial acetaldehyde-resistant membranes (PERVAP™ 4155 series) are already
available, their selectivity remains below the required level for demanding applications such as
bioethanol purification. An effective approach to improving these systems involves a
comprehensive study of existing membranes, with particular emphasis on exploiting the pH-
responsive properties of the copolymers used in their composition. Thus, in the first chapter,
the pH responsiveness of two commercial PERVAP™ composite membranes containing a
PNVP-co-DMAEMA copolymer is assessed. To gain a deeper understanding of this
phenomenon, experiments conducted under acidic, basic, and neutral conditions can provide

valuable insights. The objective of these experiments is to assess variations in membrane
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performance and identify optimal conditions for maximizing selectivity. The aim is to gain a
better understanding of membrane behavior in different pH environments. In particular, it is of
interest to study the structural changes that occur in order to develop strategies to improve
membrane selectivity. A significant increase in selectivity could make the membrane efficient
enough to justify its use on an industrial scale, offering a viable solution for bioethanol

production processes.

The synthesis of tailored copolymers presents an opportunity to overcome the limitations of
commercial membranes, in particular by improving their selectivity while preserving
membrane stability in the presence of specific impurities such as acetaldehyde. Thus, chapter
two is based on the development of new materials to tune the separation performances and the
formation of innovative cross-linking methods resistant in particular to acetaldehyde. For this
purpose, the commercial copolymer, PNVP-co-DMAEMA and an alternative, P(NVP-co-
PNVIm) are synthesized by varying the composition of each monomer. In order to enhance the
stability of the membrane, a method to induce crystallinity is investigated. The presence of
crystalline phases in PVA is crucial to improve its robustness. The crystallinity of PVA directly
influences many of its mechanical and physicochemical properties, essential for membrane
lifetime and efficiency. The crystalline regions within PVA act as reinforcement points within
the polymer matrix, thereby increasing the mechanical strength and thermal stability of the
polymer. Furthermore, the degree of crystallinity affects the permeability and selectivity of the
membrane. A more ordered structure can reduce the swelling phenomenon and inhibit the
permeation of undesired molecules, while promoting the selective transport of other substances.
Our objective is to develop a membrane that not only meets the separation requirements but
also withstands the challenges posed by impurities in bioethanol. This research, therefore, aims
to explore how variations in copolymer composition can influence critical membrane properties
such as flux and selectivity, with the ultimate goal of achieving a formulation that maximizes

separation efficiency, while withstanding exposure to impurities.

Innovation in membrane design is essential to overcome the limitations of existing systems. In
the third chapter, we tackle this challenge by focusing on the synthesis of block copolymers
with properties and structures specifically designed to produce membranes without the need for
crosslinking agents or catalysts. This approach is based on exploiting the individual features of
each segment of these copolymers, which are carefully designed to perform specific functions:
on the one hand, to ensure the separation properties necessary for the desired application, and
on the other, to ensure membrane stability and integrity. This research therefore aims to

overcome the limitations of traditional materials used in pervaporation membranes by
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developing copolymers that, through their unique molecular design, offer significant
advantages. The potential benefits of these innovative copolymers include the ability to achieve
more selective and stable separation, while avoiding the complexities and costs associated with

the use of external chemical additives in membrane manufacturing processes.

The development of advanced membranes for pervaporation offers promising prospects for the
bioethanol industry. By enhancing the chemical stability of membranes against impurities, it is
possible to extend their lifetime, increase separation efficiency, and contribute to the production
of high-purity bioethanol, thereby reinforcing its role in the future of sustainable energy. These
developments are of critical importance for the industrial scale-up of these technologies and for
the full exploitation of the cost-reduction potential associated with these membrane

technologies for the latest generation bioethanol production processes.






3. pH-triggered membrane in pervaporation

process
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3.1. Introduction

In the last decades, great attention has been dedicated to developing and scaling up novel and
advanced membrane materials.’®38 However, only few polymers are used to produce
membranes at large scale.'®8 [_ack of understanding of material properties and its correlation

with membrane behavior under real operating conditions are usually the reasons for failing.

One of those novel materials are the so-called stimuli-responsive polymers. Such polymers as
membranes are also known as intelligent or smart membranes®* 18’ as they allow intelligent
control of separation when the environment changes. Because they exhibit trigger behavior
predictably to pH,'® temperature,'8® different fields,'® or ionic strength,'® new applications
can be developed based on these polymeric membranes. In fact, by introducing pH-responsive
groups and controlling ionic strength, the membranes were able to release drugs,*® improve the
separation performance in water treatment!®® and perform as chemical sensor and flow

regulator.1%*
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The commonly available pH-responsive functional polymers are weak polyelectrolytes with
carboxyl, pyridine, or amino groups.!®*1% The presence of acidic groups in polymers (e.g.
carboxyl groups, pyridine) at low pH induces the intermolecular hydrogen bonding formation,
thus leading to shrinkage of the polymer chains. While at high pH, carboxyl groups dissociate
into carboxylate ions, resulting in a high charge density, which trigger the swelling of the
polymer. Polymers containing basic groups (e.g. amino groups) show opposite behavior
compared to polyacids. At low pH, the amino group is protonated, and the material exhibits
hydrophilic character and at high pH, hydrophobic properties are pronounced. As a result of

protonation/deprotonation, swelling properties of these polymeric materials are changed.®*

A typical polymer containing amino groups used to prepare stimuli-responsive membranes is
PDMAEMA. The interesting feature of this polymer and derivatives (copolymers) is their pH-
and temperature-responsive nature.!®® These polymers were used as graft material in the
membrane and as a blend with other polymers to obtain dual stimuli-responsive properties.'%*-
20 PDMAEMA was also used as membrane material for gas separation,?°*2%* nanofiltration,?%
and microfiltration.?®® 206 |n addition, PDMAEMA copolymers were synthesized and
investigated as micelles for drug delivery.1% 207-208 Degpite the overall high number of
references discussing pervaporation membranes,®® up to date there are only few works about
pH-triggered membranes for pervaporation and their behavior under variable and industrial

separation conditions.20%-21!

In the present work, pervaporation membranes based on P(NVP-co-DMAEMA) with pH-
trigger behavior are investigated. These membranes are the commercial PERVAP™ 4155-XX
membranes for alcohol removal from other solvents. Although these membranes are already
applied for dehydration of various solvents and methanol removal from neutral mixtures,?2-213
the feature as pH-responsive pervaporation membrane in acidic and basic mixtures has not been
reported yet. In the industry, during the dehydration processes and methanol removal from other
solvents, many mixtures have acidic and/or basic nature, depending on impurities present in the
streams. Thus, understanding the membrane behavior under triggered conditions is extremely
important for the membrane process and scale up. In particular, these membranes are stable in
the presence of acetaldehyde, i.e., their separation performance remains unchanged over a long
period of exposure, indicating their compatibility with bioethanol feedstocks containing
significant impurities, particularly acetaldehyde. Although these membranes show remarkable
stability, their selectivity in the separation of ethanol-water mixtures remains insufficient for
industrial-scale applications (bioethanol). This limitation highlights the need to improve

selectivity without compromising flux. In this context, the pH-responsive character of the
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incorporated copolymer offers a promising way to fine-tune the separation properties by
adjusting the pH of the medium. A binary mixture of methyl acetate/water is commonly
employed to assess the quality and performance of production lots of commercial membranes
PERVAP™ 4155-XX. The use of this specific mixture enables a more thorough examination
of the membrane's behavior, particularly the observation of how its separation performance may
vary with the pH of the environment. In order to better understand this phenomenon,
experiments are performed under acidic, basic and neutral conditions. The purpose of these
tests is to evaluate variations in membrane performance and to identify potentially favorable
conditions for maximizing selectivity. The objective is to gain insight into the behavior of the
membrane in different pH environments. In particular, it is of interest to study the structural
changes that occur in order to develop strategies for improving the membrane's selectivity. A
significant increase in selectivity could make the membrane efficient enough to justify its use

on an industrial scale, offering a viable solution for bioethanol processes.

3.2. Results and discussion

It is first necessary to describe the methodological procedures adopted to characterize the
materials and assess their functional properties before turning to the detailed analysis of
separation performance. Initially, an extensive study of the physicochemical properties of the
copolymer utilized in the membrane was performed. The objective of this preliminary
characterization was to identify the composition of the copolymer and the properties that could
influence membrane performance variation during pervaporation. Subsequently, in order to
provide an accurate representation of the behavior of commercial membranes, dense films with
the same PVVA/copolymer composition were prepared. These films served as models for further
characterization and allowed rigorous evaluation of properties in various chemical
environments. Finally, pervaporation tests were carried out under different media conditions
(acidic, basic, and neutral) to observe variations in membrane behavior. These tests provided

essential data on separation efficiency and membrane stability.

According to DeltaMem AG, the two tested membranes are fabricated from PVA and P(NVP-
co-DMAEMA).?* The copolymer content in PERVAP™ 4155-30 and PERVAPT™ 4155-70 is
70 and 30 wt.%, respectively. NMR and ATR-FTIR were performed to verify the molecular
structure of used P(NVP-co-DMAEMA). Homopolymers of PNVP and PDMAEMA were also

analyzed to correlate with the copolymer.
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Figure 3-1 displays the *H NMR spectra, where the observed peaks fit to the expected chemical
structure of the copolymers. The peaks also agree with those reported in the literature for similar
copolymers.?'® The characteristic peaks of the copolymer backbone related to the VP units
appeared between 1.3 and 1.78 ppm, and between 3.00 and 3.40 ppm. Peaks from 1.80 to 2.50
ppm and between 3.00 and 3.40 ppm are assigned with the protons of the heterocyclic ring in
the VP units. The signals of the DMAEMA units in the copolymer structure appear in the region
of 1.05 to 1.23 ppm and 1.80 to 2.10 ppm, corresponding to the methyl and methylene protons
in the backbone. The methyl protons of the DMAEMA units appear at around 2.30 ppm, and
the characteristic peaks around 2.56 and 4.08 ppm are assigned with the methylene groups in
the DMAEMA units.

L
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Figure 3-1. Phase and baseline-corrected *H NMR spectra of the neat polymers (PDMAEMA
and PNVP) and the P(NVP-co-DMAEMA) copolymer (solvent: CDCls, temperature: RT,

number of transients (nt): 256 and relaxation time (d1): 1.5).

The ATR-FTIR spectra of both homopolymers and P(NVP-co-DMAEMA) copolymer,
depicted in Figure 3-2, were found to be consistent with the corresponding macromolecular
structures.?*>2!6 The absorption bands at 1465 and 1425 cm™ are characteristic absorptions of

the pyrrolidinyl group, and the bands at 1654 and 1024 cm™ are attributed to the carbonyl group
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as well as the C—N stretching vibrations in PNVP. The characteristic absorption bands of
PDMAEMA homopolymer can be assigned to the C=0 stretching vibration at 1730 cm ™%, (C—
H(—N(CHs)2)) stretching vibrations between 2770-2940 cm™ as well as the N(CHs):
deformational stretching vibrations around 1459 cm™. The characteristic bands of the
copolymer can be noted to stretching vibration of the carbonyl group at 1732 cm™, the
deformational stretching vibrations of the secondary amine functional group at 2773-2790 cm™
! and the stretching vibration of C-N bond at 1120-1170 cm™, related to the DMAEMA
content in the structure. The band around 1640 cm™ arising from the C=0 stretching vibration
mode, the C—N stretching vibrations appear around 1410 cm™ due to the VP units in the

copolymer.
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Figure 3-2. ATR-FTIR spectra of the neat polymers (PDMAEMA and PNVP) and the P(NVP-

co-DMAEMA) copolymer (scan number: 128, nominal resolution: 4 cm™).

The membrane structure of PERVAP™ 4155-30 and PERVAP™ 4155-70 was analyzed by
SEM, and the cross-section of the membranes is shown in Figure 3-3. The PVA and copolymer-
based selective layer is at the upper part of membrane tightly adhered to the polyacrylonitrile
(PAN) porous support (bottom), and neither of the PERVAP™ 4155-30 and 4155-70 samples
have voids, indicating a good compatibility between the porous support and the selective layer.

In both cases, the membrane thickness is around 2 pm. These representative SEM images are
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tilted, and thus, in addition to the membrane cross-section, the surfaces of the composite

membranes are also visible, which are uniform.

selective selective
layer layer
PAN PAN
porous porous
support support

Figure 3-3. Representative SEM images of membrane cross-section and surface (a) PERVAP™
4155-30 and (b) PERVAP™ 4155-70.

Unlike other reports on membranes with pH-responsive nature, where the membranes are first
treated with acidic and basic aqueous solutions before testing, here the membranes are not
pretreated and are continuously contacted by different mixtures. The pervaporation tests are
performed by using MeAc/water mixtures containing HCI and NaOH, and in both cases, the
concentration is controlled (2 mmol/L). We have controlled the HCI and NaOH concentration
because the pH measurement in organic mixtures is not reliable due to the unstable readings,
long response time, measurement errors, and because pH is a measure of H* concentration in

aqueous solutions.

The pervaporation operating conditions were identical for all tests, that is neutral, acidic, and
basic condition. Therefore, the comparison of flux and permeate concentration as separation
performance data is possible. Two sets of pervaporation tests were performed. On one hand,
for each mixture and for each test, a new membrane sample was used. On the other hand, the
same membrane was tested in all conditions to see the reversibility of separation performance.

The order of tests was as follows: neutral, acidic, neutral, basic, and neutral.

The water flux and permeate concentration as a function of feed water concentration for both
membranes are shown in Figure 3-4. The permeate concentration values (red circle data) for
PERVAP™ 4155-30 (Figure 3-4a) are slightly lower than those for PERVAP™ 4155-70
(Figure 3-4b). These results are expected due to the cross-linking degree of the membranes.
PERVAP™ 4155-30 has 70 wt.% of copolymer and 30 wt.% of PVA, and because of PVA
content in the membrane, this membrane is less cross-linked than PERVAP™ 4155-70. The

content of PVA in the polymer matrix is directly correlated with the degree of cross-linking,
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that is, the higher the PVA content in the membrane, the higher the cross-linking degree
(information received from DeltaMem AG). Because PERVAP™ 4155-30 is less cross-linked
than PERVAP™ 4155-70, it swells more (see Figure 3-5) and presents slightly lower values of

water permeate concentration.
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Figure 3-4. Separation performance of membranes (a) PERVAP™ 4155-30 and (b) PERVAP™
4155-70 for dehydration of binary MeAc/water mixtures at 85 °C and 10 mbar under different
conditions (black square: acidic, red circle: neutral, green triangle: basic).
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Figure 3-5. Equilibrium swelling ratio (ESR) (%) of the free-standing dense films with
different P(NVP-co-DMAEMA) and PVA ratios in water and various binary (MeAc/water)

mixtures.

The permeate concentration values in PERVAP™ 4155-70 are not dependent on feed nature
(acidic, neutral or basic). While for PERVAP™ 4155-30 in acidic condition, they are shifted to
higher values (Figure 3-4a). The water permeate concentration increase in this membrane is due

to the presence of the pH-responsive copolymer and its high content; hence, under acidic
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condition, this membrane swells less and is more hydrophilic (discussed later), and thus, the
selectivity of the membrane is improved.

Pervaporation tests performed with neutral mixture show that PERVAP™ 4155-30 exhibits
higher water flux than PERVAP™ 4155-70 (compare open red circle in Figure 3-4a,b). This
difference is also explained by the content of PVA in the membrane (cross-linking degree and
swelling of membrane, described above). As PERVAP™ 4155-30 has 70 wt.% of copolymer,
the shifting of water flux to lower values is more pronounced than that in PERVAP™ 4155-70,
when the pervaporation tests are performed in acidic conditions (compare the red and black
experimental points). The decrease of water flux and the increase of permeate concentration are
interesting results, and they are attributed to the DMAEMA units in the copolymer. As
described above, the PDMAEMA is a pH-responsive polymer, and thus, this segment of
copolymer is protonated in acidic mixture. Because of amine protonation and the presence of
PVA (containing —OH) and CI™ ions (from HCI), the free movement of copolymer segment
containing the protonated amine is slowed down, and the material as such does not swell or
slightly shrinks (PERVAP™ 4155-30, Figure 3-5). This makes the material less flexible and
decreases the fractional free volume of polymer that results in a water flux decrease through the

membrane and selectivity improvement.

Under basic conditions, the pervaporation tests gave even more interesting results. At the
beginning, at higher water concentration in the mixture, the water flux is higher than in the
neutral condition (see the open green triangle at > 2.5 wt.% of water in feed, Figure 3-4). After
the mixture is dehydrated, the water flux drops to lower values like in acidic conditions. These
results can be partially explained by the decreased swelling of the membrane (Figure 3-5) and
by the hydrophilic nature of the material under basic conditions (Figure 3-6). High water
content in the mixture under basic conditions and the hydrophilic nature of material seem to
increase the swelling of the membrane. However, it happens only at the beginning of tests.
Later, once the MeAc is dehydrated, a pronounced decrease of flux is observed. This behavior
can be explained by the gradual deprotonation of amine groups and simultaneous hydrogen
bonding between deprotonated amine and OH- groups present in PVA. At the end, the material
(membrane) becomes less swollen because of the lower water content in the mixture, the
membrane shrinks, and consequently the water flux drops. Because of a complex mechanism
of deprotonation and formation of hydrogen bonds, the PNVP segment present in the copolymer

may also play a certain role on water flux decrease.
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Figure 3-6. PERVAP™ 4155-30 and PERVAP™ 4155-70 composite membranes (a) CAs after

different treatments and (b) their representative shapes of water drops.

As discussed above, the swelling and hydrophilicity of the selective layer play important roles
in the pervaporation process. The degree of swelling of the membranes depends on the
composition and the structure of the polymer matrix. Thus, PERVAP™ 4155-30 and 4155-70
should exhibit different behavior in terms of swelling. This investigation is carried out by using
dense films in pure water and mixtures used for pervaporation tests, that is, binary mixtures of

MeAc and water in neutral, acidic, and basic conditions.

The swelling degree of these films is presented in Figure 3-5. In general, it is observed that the
degree of swelling of PERVAP™ 4155-30 is higher than PERVAP™ 4155-70. This is due to
the cross-linking degree of the membrane (less content of PVA means less degree of cross-
linking) and hydrophilic nature of the copolymer. The swelling of films in binary (MeAc/water)
mixtures is less than that in water, and this can be explained by the wettability properties of
polymer system itself. In mixtures containing acid, the swelling of membrane PERVAP™
4155-30 decreases compared to neutral mixtures. Thus, this result agrees with the water flux
decrease. However, PERVAP™ 4155-70 does not show remarkable changes in swelling degree
between tests in water, neutral and acidic mixture. This result may be due to the high content

of PVA in the membrane (high degree of cross-linking).

In basic conditions, both types of membranes do not swell at all (Figure 3-5). This observation
supports the pervaporation results well (Figure 3-4), where a decrease of water flux is observed

once the MeAc is dehydrated.

The hydrophilicity of the PERVAP™ 4155 membrane surface with different PVA content was

studied by static contact angle (CA) with water as a probe liquid. As shown in Figure 3-6, the
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CA of the liquid decreased with increasing PVA content in the membrane. This means that the
PERVAP™ 4155-70 is more hydrophilic than PERVAP™ 4155-30 because of more hydroxyl
group in the membrane (higher PVA content) as well as because of the slightly different
roughness of membrane surface, derived from the different composition. In other words, higher

PVA content in the membrane produces a smoother, continuous hydrophilic surface.

PERVAPT™ 4155-30 samples exhibit slightly different CA when they are treated with different
liqguid mixtures. In basic conditions, this membrane becomes more hydrophilic, while
PERVAP™ 4155-70 does not show notable changes.

It should be noted that during the pervaporation tests at different conditions (basic and acidic)
random ring-opening of the pyrrolidone ring in the copolymer may occur, which can facilitate
the polymer chain reconfiguration and constructs hydrogen bonding with the DMAEMA units
in the polymer system.?*"221 The presence of opened ring NVP units were analyzed by ATR—
FTIR and confirmed by the appearance of the characteristic band at around 1732 cm™,
corresponding to the carboxyl acid group in the ring-opened NVP.??? To prove the structural
rearrangement and the ring-opening, the cross-linked free-standing dense films made from
P(NVP-co-DMAEMA) and PVA were exposed to the acidic and basic mixtures under the same
conditions used in pervaporation tests. A slight color change was observed in the case of acidic

treatment.

Figure 3-7a shows the ATR-FTIR spectra of the neutral and the acid and base treated samples
at 85 °C. A characteristic peak at around 1650 cm™ represents the carbonyl moiety present in
the NVP unit, and after treatment, a new characteristic peak of carboxylic acid group appeared
at around 1720 cm™?, revealing that ring opening occurred during the treatment of the samples
in acidic and basic conditions. The treated samples were also used for swelling measurements
in pure water and in binary MeAc/water mixtures (Figure 3-7b); this was done to investigate
the possible self cross-linking of the polymeric material. After the samples are treated in both
acidic and basic conditions, the PERVAP™ 4155-30 sample exhibited lower equilibrium
swelling ratio, especially in MeAc/water mixtures, and thus, because of high amount of the
P(NVP-co-DMAEMA) in this sample, the additional self cross-linking due to the ring-opening
can be confirmed by these tests. The PERVAP™ 4155-70 sample also showed an evidence of
the ring-opening NVP (Figure 3-7a), but according to the swelling measurements, the additional
self cross-linking could not be noticed (Figure 3-7b). Contrary to PERVAP™ 4155-30, this
result can be explained by the PVA content in this sample, which might suppress this effect and

act as a stabilizing matrix.
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Figure 3-7. (a) ATR-FTIR spectra of the treated free-standing dense films (scan number: 128,
nominal resolution: 4 cm™) and (b) equilibrium swelling ratio (%) of the original (O), basic
(B), and acidic (A) treated free-standing dense films (in water and neutral binary MeAc/water

mixture).

The appearance of the new characteristic band of the carboxyl acid group in the treated samples
and the swelling tests corroborate the separation performance change during the pervaporation
tests under different conditions, that is, it contributed to water flux decrease, which can be due
to the self cross-linking and hydrogen bonding between the carboxylic acid group and amine
from PDMAEMA segment and PVA.

By last, to confirm the responsive nature of these membranes and their reversibility, additional
pervaporation tests were performed with the same membrane sample by using different

mixtures, as follows: neutral—acid—neutral—basic—neutral.

Figure 3-8 shows the results for this set of experiments. The trend and range of water flux and
permeate concentration are like previous experiments, this means the measurements are highly
reproducible and the membranes show a responsive behavior. However, the water flux with
neutral mixture after the experiments with acidic and basic mixture, does not recover as the
initial values. This phenomenon could be explained as follows: (i) the cleaning of membrane
may require multiple steps (long-term washing) to remove the remaining H* from the
membrane after the tests with acidic mixture, and (ii) the separation property of membrane is
not entirely reversible, suggested because of the chemical changes. As ring-opening might

occur during the pervaporation test in acidic and basic conditions, the amine and carboxylic



48 CHAPTER 3

acid moieties can further react to lead to an amide moiety, inducing self cross-linking of the
material.??! Therefore, although the membranes have pH-responsive nature, the separation
performance in terms of water flux could not be recovered once the membrane is exposed to
acidic and basic mixtures. So, the results show that chemical changes and self cross-linking

could have happened in the polymer system, that is, the polymer matrix is more cross-linked

and is responsible for the water flux decrease.
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Figure 3-8. Separation performance of membranes (a) PERVAP™ 4155-30 and (b) PERVAP™
4155-70 for dehydration of binary MeAc/water mixtures from neutral to acidic and from neutral
to basic condition at 85 °C and 10 mbar (black square: acidic, red circles: neutral (various

stages), green triangle: basic).

The change of separation performance in pervaporation processes (in this case the water flux
and permeate concentration) is very important during the process design and industrial plant
sizing. Thus, the information derived from this work is profitable for membrane developers and
end users. In addition, the observed membrane behavior can be used in a useful way, especially
in mixtures where acidic and basic compounds are present, for example, for obtaining higher
water flux at higher water concentration in basic mixtures, for enhancing the selectivity or for
preventing the separation performance change, that is, by neutralizing the acidic and basic

mixtures before the streams go to the membrane modules.

Commercially available membranes, such as PERVAP™ 4155 (DeltaMem AG) are typically
employed for simultaneous removal of methanol and water from various solvent mixtures
containing impurities as organic acids and aldehydes. These membranes are blends based on
cross-linked PVA and a commercial hydrophilic copolymer;?'4 they are compatible with
industrial streams containing aldehydes and are available in different grades.?”® The results
indicate that those membranes are pH-sensitive and can be also applied in solvent dehydration

processes by varying the pH of the mixture.??* However, due to the low degree of cross-linking
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and presence of the copolymer, those membranes show poor performance for ethanol/water
separation, i.e., the selectivity is too low. These findings highlight the need to synthesize
tailored copolymers with precisely tuned compositions and structures to optimize specific
interactions with water and ethanol molecules. The synthesis of such copolymers would not
only enhance selectivity and separation efficiency, but also facilitate the design of membranes
that align with the specifications of industrial processes in a more precise manner. It is therefore
essential to further investigate the synthesis of innovative copolymers and their integration into
the manufacture of pervaporation membranes, with a focus on achieving optimal separation

performance for bioethanol dehydration.

3.3. Conclusion

Two commercial pervaporation membranes containing P(NVP-co-DMAEMA) were
investigated as pH-responsive membranes. The copolymer itself, the composite membrane, and
dense films were characterized in detail to understand the pH-responsive nature of these

membranes.

By changing the MeAc/water mixture nature from neutral to acidic and from neutral to basic
mixture, the water flux through the membrane dropped during the dehydration of MeAc by
pervaporation. In PERVAP™ 4155-30, the water permeate concentration was enhanced. This
membrane behavior was attributed to swelling and shrinking of the polymer matrix because of

the presence of DMAEMA units in the copolymer.

Pervaporation tests carried out with the same membrane sample under neutral, acidic, and basic
conditions showed that the membrane performance (water flux) change is irreversible once the
conditions changed. As proposed, the chemical structure changes occurred in the polymer
system. Ring opening of NVP units and self cross-linking has been hypothesized and later

confirmed by the sample analyses.

Because these membranes are commercial and they are industrially applied for neutral mixtures,
stability tests under acidic and basic conditions are needed to confirm if subsequent changes
occur for a longer period. Thus, depending on the application and impurities present in the

mixture, the pH-responsive nature of these membranes can be advantageous.

Due to the low degree of cross-linking and presence of the copolymer, those membranes have
poor performance for ethanol/water separation, i.e., the selectivity is too low. The main reason

is that the copolymer used in this formulation is commercial and originally designed for other
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types of application. Therefore, there is a need to tailor the copolymer properties to develop
new membrane formulations that are more adapted for ethanol dehydration.



4. Synthesis and characterization of tailor-made N-
vinylpyrrolidone copolymers and their blend
membranes with poly(vinyl alcohol) for bioethanol

dehydration by pervaporation

This chapter contains parts of a published work: Alessandro Angelini, Csaba Fodor, Luigi Leva,
Anja Car, lonel Adrian Dinu, Wilfredo Yave and Wolfgang Meier. Journal of Applied Polymer
Science 2022, 139 (4), 51562.
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4.1. Introduction

Pervaporation is a membrane-based technology, where the separation is not limited by the
vapor-liquid equilibrium, and thus, azeotropes can be easily separated by this technique. In
addition, pervaporation is cheaper than molecular sieves and the total energy consumption for
drying ethanol can be reduced for more than 30%, which reduces the total costs of bioethanol

production.®” Although pervaporation presents many advantages compared to distillation and
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molecular sieves, existing commercial membranes for pervaporation both polymeric and
ceramic membranes need to be more efficient and competitive for large-scale bioethanol
production. Therefore, the synthesis of new membrane materials or the modification of existing
ones are very important for developing robust membranes with higher permeability and

selectivity.

Currently, two different types of membranes are mainly employed in pervaporation for
bioethanol dehydration, which are from zeolites and polymers.??® These membranes are
hydrophilic and can also be used for dehydration of other alcohols, ethers, esters, etc. They
selectively separate water from the other components due to the specific affinity between the
water molecules and the membrane material, i.e., water is preferentially absorbed by the
membrane material. If there is a driving force between the feed and permeate side of the
membrane, the water molecules are transported through the membrane by a diffusion
process.!*? The driving force in all membrane processes is a gradient in the chemical potential
between the feed and permeate side. In pervaporation, this gradient is best described by a

difference in partial vapor pressure.

Among all hydrophilic polymeric membranes, the PVA membrane remains the most
investigated and the most used in industrial applications. This is because PVA offers several
advantages like good film-forming properties, high hydrophilicity, chemical/thermal stability,
biodegradability and non-toxicity.??52?" Various methods have been reported on membrane
fabrication since PVA membranes became commercial. Those methods allow to tailor the
membrane performance like flux, selectivity and lifetime according to the needs. In fact, for the
dehydration of different organic solvents, chemical cross-linking methods were developed to
avoid or control the swelling of PVA due to the presence of water.?2® The cross-linked PVA
membrane is also used for bioethanol dehydration, but depending on its provenance (e.g., grain
or wood fermentation), the impurities present in the bioethanol streams harm PVA membranes.
Organic acids and aldehydes are the most harmful contaminants that damage polymeric and

ceramic membranes, especially at high concentrations.8

Commercially available membranes, such as PERVAP™ 4155 (DeltaMem AG) are typically
employed for simultaneous removal of methanol and water from various solvent mixtures
containing impurities as organic acids and aldehydes. These membranes are blends based on
cross-linked PVA and a commercial hydrophilic copolymer;?'4 they are compatible with
industrial streams containing aldehydes and are available in different grades.?? In a previous

work, we have investigated some of those membranes as pH-responsive, and we have
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demonstrated that they can be also applied in solvent dehydration processes by varying the pH
of the mixture.??® However, due to the low degree of cross-linking and presence of the
copolymer, those membranes show poor performance for ethanol/water separation, i.e., the
selectivity is too low. Thus, being encouraged by the results of our previous study, we
hypothesized that the synthesis and use of tailor-made copolymers (rather than commercial
copolymers produced for other applications) based on NVP, DMAEMA and NVIm with a
controlled molar ratio of monomers in the copolymer, can improve the water/ethanol selectivity

of this type of membranes.

PNVP is known as a hydrophilic polymer with a high tendency to form hydrogen bonds with
PVA,??® which would lead to blends with enhanced separation properties.? Poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) has been previously reported as a
membrane material for gas separation.?®* This polymer can be quaternized®! and, as a
polyelectrolyte is well-known to form both highly permeable and highly selective
membranes.?*? Similarly, poly(N-vinylimidazole) (PNVIm) is a possible candidate to be
associated with PVA in the fabrication of pervaporation membranes. It has been previously
investigated as membrane material®3*-2% and its hydrophilicity and thermal properties®3 reveal
the high potential for improving the properties of PVA membrane.

The previous work has demonstrated how important it is to use polymers whose properties and
architectures are specifically adapted to the targeted applications. In this context, we have
synthesized tailor-made P(NVP-co-DMAEMA) and P(NVP-co-NVIm) copolymers via free
radical polymerization, starting from various and controlled monomer ratio. After chemical and
thermal characterization, membrane blends with different PVA/copolymer ratio (80:20 and
95:5, mass ratio in percent) were prepared and characterized. Composite membranes fabricated
by solution casting on a porous (PAN) support have been further investigated for dehydration
of ethanol/water mixtures by pervaporation, in order to identify the most promising copolymer
and the optimal formulation. These tests assessed the impact of various copolymer
compositions on membrane performance, in terms of flux and selectivity. The objective was to
identify the optimal combination (copolymer and blend ratio) that maximized separation
efficiency. Thus, we demonstrated that the new membrane formulation based on tailor-made
copolymers allows obtaining better membranes for bioethanol dehydration. In addition, to
validate the industrial potential of the optimized membrane prototype, stability test results with
ethanol containing up to 600 ppm of acetaldehyde are reported in this work. These tests are
essential for ensuring that the membrane can maintain its performance under real conditions,

particularly to confirm that the membrane developed is viable in industrial applications. To our



54 CHAPTER 4

knowledge, no prior studies report the stability of polymeric and ceramic membranes with

bioethanol containing acetaldehyde within this range of concentration.

4.2. Results and discussion

4.2.1. Synthesis and characterizations of NVP-based copolymers

Controlling the molar ratio of monomers, a series of tailor-made homopolymers and
copolymers were synthesized by free radical polymerization. The effect of monomer ratio and
type of moieties (linear side group of DMAEMA and cyclic side group of NVIm) on the
structure-property relationship was systematically investigated. The schematic representation

of the copolymer synthesis is illustrated in Figure 4-1.
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Figure 4-1. Schematic of P(NVP-co-DMAEMA) and P(NVP-co-NVIm) synthesis by free
radical polymerization (FRP).

The synthesized P(NVP-co-DMAEMA) copolymers were characterized first by *H NMR
(Figure 4-2), and their spectra were compared with those of corresponding homopolymers (the
number in the sample name indicates the content of the DMAEMA units in the copolymer, in
mol percent). The observed peaks are in agreement with those reported in the literature for
similar copolymers.?!® The two aliphatic protons of the backbone from the NVP units have their
characteristic peaks between 1.30 and 1.78 ppm (Figure 4-2, peak a). From 1.80 to 2.50 ppm
(Figure 4-2, peak d) appear the signals corresponding to the protons of the heterocyclic ring and
from 3.00 to 3.40 ppm (Figure 4-2, peak c) to the methylene protons of the heterocyclic ring,

that are adjacent to the nitrogen atom. The CH protons from the backbone, adjacent to the
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heteroatom from the NVP units, are associated to the resonance from 3.50 to 4.00 ppm (Figure
4-2, peak b). For the DMAEMA units, the signal of the protons from the methyl group on the
backbone arise at 0.90 ppm (Figure 4-2, peak g). Between 1.70 and 2.10 ppm (Figure 4-2, peak
f) appear the methylene protons from the corresponding backbone. The signal at 2.28 ppm
(Figure 4-2, peak j) is characteristic to the two methyl groups of the pendant moieties and the
peaks at 2.57 and 4.06 ppm (Figure 4-2, peaks h, i) belongs to the methylene groups in the
DMAEMA units.
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Figure 4-2. *H NMR spectra of the P(NVP-co-DMAEMA) copolymers in CDClz at RT (number

of transients (nt): 256, residual solvent is marked with an asterisk).

The composition of the copolymers was determined by integration of the specific signals at
2.57 ppm (Figure 4-2, peak i) for the DMAEMA and from 3.00 to 3.40 ppm (Figure 4-2, peak
c) for the NVP units (Appendix, Table 9-1). Due to free radical polymerization without specific

initiator, no end group signals could be used as an internal reference.
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Figure 4-3 shows the 'H NMR spectra of the synthesized P(NVP-co-NVIm) copolymers (like
in DMAEMA copolymers, the number in the sample name indicates the content of the NVIm
units in the copolymer, in mol percent). A characteristic signal arising from NVP units appear
at 1.30 ppm (Figure 4-3, peak a), corresponding to the methylene protons from the backbone.
The peaks from 2.90 to 3.82 ppm (Figure 4-3, peaks b, c) are related to the proton from the
backbone adjacent to the heterocyclic ring and two protons of the ring adjacent to the nitrogen
atom. Six protons are featured from 1.43 to 2.36 ppm (Figure 4-3, peaks a, d, e) corresponding
to the methylene protons from the backbone and from the lactam moiety. For the NVIm units,
the peaks from 1.54 to 2.23 ppm (Figure 4-3, peak f) correspond to the methylene groups CH2
and the signals from 2.77 to 3.20 ppm (Figure 4-3, peak g) are associated to the CH from the
backbone. The signals of the protons of the imidazole ring appear between 6.61 and 7.56 ppm
(Figure 4-3, peaks h, i, j).

The composition of the P(NVP-co-NVIm) copolymers was determined (Appendix, Table 9-1)
by integrating the signals from 6.61 to 7.56 ppm for the NVIm units (3 protons H) and the
signals from 1.30 to 2.36 ppm, where both NVIm (2 protons H) and NVP (6 protons H) units
have the characteristic resonances appearing. To obtain the integration of the NVP units in the
copolymers (peaks a, d and e), the integration of the protons from the imidazole ring was set to
3, so that the methylene protons (peak f) could be subtracted (I_(a.d.e)=1_(a,d,e,f) — 2), with the

resulting integration value corresponding to the protons of the NVP units.
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Figure 4-3. *H NMR spectra of the P(NVP-co-NVIm) copolymers in DMSO-ds at RT (number

of transients (nt): 256, residual solvent is marked with an asterisk).

The results obtained from ATR-FTIR spectroscopy further support the successful synthesis of
the various homopolymers and copolymers (Figure 4-4). The intense band at 3440 cm—1
corresponds to the vibrations of OH group from the adsorbed water molecules. For the NVP
units, the peaks from 3000 to 2800 cm™ and the peak at 1410 cm™ are attributed to the C-H
stretching vibration of aliphatic and to the C-H bending vibration of methylene groups,
respectively. The absorption band at 1659 cm™ is attributed to the carbonyl group, C=0, and
the band at 1274 cm™ is representative of the C—N stretching vibrations of the lactam ring.%’
The characteristic absorption bands of DMAEMA units are referred to the (C-H(-N(CH3)2)
stretching vibrations between 2990-2770 cm™, the carbonyl group, C=0, stretching vibration
at 1720 cm™, the CH2 bending and the N(CH3)2 deformational stretching vibrations around
1455 cm™ and the C—O-C stretching vibration at 1150 cm™ (the last three absorption bands

increase according to the content of DMAEMA units).?®
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Figure 4-4. ATR-FTIR spectra of (A) P(NVP-co-DMAEMA) and (B) P(NVP-co-NVIm)

copolymers (scan number: 128, nominal resolution: 4 cm™).

At 3100 cm* arises the characteristic C-H stretching of the imidazole ring. From 2960 to 2873
cm?, the absorption band corresponds to C-H and CH2 stretching from the polymeric backbone
adjacent to NVIm units. The strong band at 1495 cm, represents the C-C ring stretching, while
the absorption at 1225 cm is characteristic for the C-N (ring) stretching. The peak at 1080 cm”
! characterizes the C-H (ring) in-plane bending vibration. The aforementioned bands of
homopolymers are also present in various extents in the spectra of copolymers, confirming the
presence of the specific units in the final materials.?®® Thermal characterization has been
performed to study the possible microphase separation and glass transition temperature (Tg)
changes as a function of the copolymer composition. All DSC results show that the
homopolymers and copolymers are amorphous and do not present any crystallinity (the
thermograms are displayed in Figure 4-5), which are also in agreement with the literature.?4
Briefly, the PDMAEMA and PNVP homopolymers have their T4 values at 37 °C and 175 °C,
respectively, whereas the thermograms of the copolymers show a specific trend of the two

distinct T4 values, and those values are plotted in Figure 4-6.
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Figure 4-5. DSC thermograms (second heating scans, heating rate = 10 K.min) of (A) P(NVP-
co-DMAEMA) and (B) P(NVP-co-NVIm) copolymers.

The first Tgq is attributed to the PDMAEMA block and the second to the PNVP block. These
results indicate that in P(NVP-co-DMAEMA) copolymers there is a clear microphase
separation. This phenomenon is generally observed for copolymers with a large molecular
weight, composed by monomers having reactivity ratios significantly different, and thus, during
copolymerization, the units tend to form sequences of almost pure PNVP and PDMAEMA

segments.?*-242 In our case, the synthesized homopolymers and copolymers were obtained with
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high molecular weights as a requisite (> 105 g.mol-1, see Appendix, Table 9-1). In addition,
the T4 value of the PDMAEMA blocks increases at a higher content of NVP units, suggesting
an incorporation of DMAEMA units within PNVP pseudo-blocks. The Tq4 changes are further
supported by the good agreement with the predicted Tg4 values from the Fox equation (dashed
lines in Figure 4-6A), which indicates a good miscibility of both units in this microphase. Even
though there is an incorporation of the DMAEMA units to NVP pseudo-blocks, the copolymer

has still a random structure and do not evidence alternated monomer units through the polymer

chain.
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Figure 4-6. Glass transition temperature (Tg) values for P(NVP-co-DMAEMA) (A) and P(NVP-
co-NVIm) (B) copolymers as a function of DMAEMA or NVIm content. The red line indicates
the Tq4 of the PNVP homopolymer, whereas the blue line indicates the Ty of the PDMAEMA
and PNVIm homopolymers, accordingly. The dashed black line shows the estimated Tg4 by the

Fox equation.

Figure 4-6B shows the Tq values for the P(NVP-co-NVIm) copolymers. Although both
homopolymers have similar Ty values,?*® the presence of a single Ty confirms the good
miscibility between the NVP and NVIm units. Moreover, the Ty values of the copolymers are
slightly higher than those of the homopolymers, indicating a favorable intermolecular
interaction between both monomer units in the copolymer.?* In this case, the T4 values of the
copolymers are higher than the ones of the homopolymers. The Fox equation cannot be applied

to these copolymers due to the strong intermolecular interaction.

The results presented above confirm the successful synthesis of random P(NVP-co-DMAEMA)
and P(NVP-co-NVIm) copolymers containing different microstructures with controlled
monomer ratio. These synthesized tailor-made copolymers are expected to have a good
compatibility with PVA, and they should exhibit good separation and thermal properties for

improving the pervaporation membranes.
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4.2.2. PVA/copolymer blends preparation and characterization

The homopolymers and copolymers synthesized here are combined with PVA in two different
mass ratios, 80:20 and 95:5, respectively. These formulations are expected to display better
separation properties than that of commercial membrane PERVAP™ 4155-80. Other blend
ratios are not considered here because they swell to a great extent, and thus, the separation
performance of those membranes would not be suitable for ethanol dehydration. Compared to
the commercial PERVAP™ 4155-80 (membrane based on PVA and a commercial copolymer),
the blends formulated here are based on tailor-made copolymers with controlled monomer

molar ratio.

Freestanding dense films were investigated to determine the film properties in bulk. Table 4-1
shows the PVA/copolymer ratio and the degree of crystallinity of all prepared blends. As
described above, the numbers in the sample name correspond to the mol fraction in percent of

the indicated monomer in the final copolymer based on the initial monomer mixture.

Table 4-1: List of the prepared PVA/copolymer blends and their crystallinity.

Sample PVA/copolymer [mass ratio in percent] Crystallinity [%]
PVA 100:0 28.6+0.5
PVA/coPDMAEMA100 80:20 23.1+1.8
PVA/coP DMAEMAS80  80:20 23.6+1.6
PVA/coPDMAEMAG0  80:20 242+ 0.4
PVA/coPDMAEMA40  80:20 243+ 0.7
PVA/coPDMAEMA20 80:20 26.4+19
PVA/coPDMAEMAO 80:20 19919
PVA/coPNVIM100 80:20 18.3+2.4
PVA/coPNVImM80 80:20 19.1+1.3
PVA/coPNVImM60 80:20 19.0x14
PVA/coPNVImM40 80:20 154+1.1
PVA/coPNVImM20 80:20 17.7+1.3
PVA/coPNVIMO 80:20 21.2+0.9
PVA/coPDMAEMA100 95:5 259+1.8
PVA/coPDMAEMAS80 95:5 25.4+0.8
PVA/coPDMAEMAGO  95:5 254+24

PVA/coPDMAEMA40  95:5 284+1.1
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PVA/coPDMAEMA20  95:5 31.2+1.3
PVA/coPDMAEMAO 95:5 27.8+1.3
PVA/coPNVIM100 95:5 23.1+1.4
PVA/coPNVIM80 95:5 24.7+2.4
PVA/coPNVIM60 95:5 23.6+1.1
PVA/coPNVIM40 95:5 20.1+3.5
PVA/coPNVIM20 95:5 25.7+0.3
PVA/coPNVIMO 95:5 28.3+0.7

In the DSC thermograms (Appendix, Figure 9-2 to Figure 9-4), two endothermic peaks are
visible for PVA and blend samples. The first broad transition results from moisture evaporation
from the sample, whereas the second transition represents the endothermic melting transition
of the PVA crystalline domains.?® 245 As discussed above, the homopolymers and copolymers
of P(NVP-co-DMAEMA) and P(NVP-co-NVIm) are amorphous, and thus, in blends with
PVA, the endothermic transition corresponds only to PVA. The T4 of copolymers in the blends
IS not observed in the thermograms due to the small content of copolymer (< 20 wt.%) in the

sample.

From the obtained enthalpy of fusion, the crystallinity of PVVA is estimated by using the melting
enthalpy of 100% crystalline PVA (138.6 J.g™%),%* as follows:

X = ! 100
¢ X 8

where X, is the degree of crystallinity (%), AH, is the enthalpy of fusion from the endothermic

melting peak (J.g%) and AH; is the enthalpy of fusion of the totally crystalline polymer (J.g™).
When blends of the same mass ratio (PVVA/copolymer) are compared, the crystallinity of blends
composed of P(NVP-co-DMAEMA) is slightly higher than those containing P(NVP-co-
NVIm). This result is attributed 1) to the lower Ty of the DMAEMA segments compared to the
NVIm segments, and 2) to the crystallization inhibitor effect of NVIm segment. On the one
hand, due to the low T4, the DMAEMA segments in the copolymer leads to a less rigid system,
hence PVA chains can crystallize. On the other hand, PNVIm is known to have a crystallization
inhibitor effect,?*® and thus, the NVIm segments in the copolymer lead to blends with less

crystallinity. The crystallization inhibition is clearly seen when we compare the two set of
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PVA/P(NVP-co-NVIm) blends, 80:20 and 95:5, i.e., the blends with ratio 95:5 present a higher
degree of crystallinity (21-26%) than those of 80:20 (15-21%). Therefore, a higher content of
P(NVP-co-NVIm) inhibited the PVA crystallization in the blend.

The crystallinity in blends containing P(NVP-co-PDMAEMA) does not change too much
compared to PVA sample and it is random, albeit those with ratio 80:20 present slightly lower

values.

Examining only the blends containing the homopolymers, the degree of crystallinity increases
in the following order: PNVIm (coPNVImM100) < PNVP (coPDMAEMADOQ or coPNVIMO0) <
PDMAEMA (coPDMAEMA100).

The water uptake experiments with these blend samples (dense films) are not possible to
perform with accuracy because the samples are too hydrophilic, they swell up fast and a lot,
and they are sticky. Thus, to overcome this problem, the uptake experiments were performed
with binary ethanol/water mixture, as described in the experimental part (Table 4-2). However,
to determine the uptake, the films were gently wiped to remove the excess of liquid.
Unfortunately, this part of the experiment turned out to be tedious due to the irregularity of the
force applied in removing the excess liquid. Therefore, because of the size and the mass of the
dense films, small variation in this process led to big deviations in the results. A clear trend of
the equilibrium-swelling ratio is not observed for each set of blends. However, the values for
all blends are higher than that for PVA sample. Those results indicate that the blends will show
higher values of flux and permeance. Considering that the swelling is mostly due to the water
content in the mixture, these PVA/copolymer blends should be promising because they are

highly hydrophilic.

Table 4-2: List of the prepared PVA/copolymer blends and their EtOH/water mixture uptake.

Sample PVA/copolymer (mass ratio in percent) ESR (%)
PVA 100:0 63.2+6.1
PVA/coPDMAEMA100 80:20 69.1+4.1
PVA/coPDMAEMAS80 80:20 79.7+£29
PVA/coPDMAEMAG0 80:20 77.1+£3.6
PVA/coPDMAEMA40 80:20 1069+ 2.7
PVA/coPDMAEMA20 80:20 825+5.9
PVA/coP DMAEMAO 80:20 62.9+2.9

PVA/coPNVIM100 80:20 742+24
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PVA/coPNVImM80 80:20 58425
PVA/coPNVIM60 80:20 726 £9.6
PVA/coPNVImM40 80:20 78.4+9.2
PVA/coPNVImM20 80:20 73.8+1.3
PVA/coPNVImMO 80:20 67.3+6.6
PVA/coPDMAEMA100 95:5 73.4+£5.0
PVA/coPDMAEMAS80 95:5 64.5+3.9
PVA/coPDMAEMAG60 95:5 91.0+9.7
PVA/coPDMAEMA40 95:5 75.0+£6.4
PVA/coPDMAEMAZ20 95:5 86.7 £9.5
PVA/coPDMAEMAO 95:5 96.1+5.3
PVA/coPNVIM100 95:5 73.6+£9.0
PVA/coPNVImM80 95:5 83.1+£6.3
PVA/coPNVImM60 95:5 81.8+£8.6
PVA/coPNVIm40 95:5 53.5+8.8
PVA/coPNVImM20 95:5 629+55
PVA/coPNVIMO 95:5 505+4.6

The films (blends) were also analyzed by ATR-FTIR to investigate the possible interactions
between PVA and the functional groups of the copolymers. The results for all samples are
presented in Appendix (Figure 9-5 and Figure 9-6), whereas Figure 4-7 shows only the most
representative samples. The ATR-FTIR results display the characteristic bands of each
copolymer indicating their presence in the blend as well as the PVA bands. The broad bands at
around 3400 cm™ results from the stretching vibrations of the OH moieties as side chains of
PVA, because of intermolecular and intramolecular hydrogen bonds. The medium band at 2924
cm? arises from the stretching of CH groups from the backbone. The band at 1420 cm
corresponds to the bending vibrations of the CH2. The medium band at 1322 cm* from the OH
bending and the strong peak at 1083 cm™ from the stretching C-O are the characteristic bands
of alcohol groups. The crystalline structures observed in the DSC thermograms are further
confirmed and supported by the band at 1140 cm™ which is known to be related to the carboxyl

stretching band, CO, and frequently employed to confirm the crystallinity of PVA.247-24
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Figure 4-7. ATR-FTIR spectra obtained for the films made from PVA/P(NVP-co-DMAEMA)
and PVA/P(NVP-co-NVIm) blends. Pure PVA (red), 95:5 blends (black), and 80:20 blends

(blue) (scan number: 128, nominal resolution: 4 cm™).

All synthesized copolymers have a hydrophilic nature and a good miscibility with PVA (the
obtained films were homogeneous and transparent) due to their mutual interactions, especially
due to the hydrogen bonds.?*%2>2 From the performed characterizations on various freestanding
dense films, the most representative samples are chosen to further prepare the composite

membranes.

4.2.3. Composite membranes and pervaporation results

The blends with ratio 80:20 and 95:5 containing the homopolymers (PVA/coPDMAEMA100,
PVA/coPDMAEMAO, PVA/coPNVIM100 and PVA/coPNVIM0O) and four copolymers
(PVA/coPDMAEMAGO, PVA/coPDMAEMAZ20, PVA/coPNVIM60 and PVA/coPNVIM20)
are chosen for composite membrane preparation. These membranes represent the blends with
homopolymers and copolymers with middle and low DMAEMA and NVIm content. In total,
17 samples were prepared, and the list is presented in Table 9-2 (Appendix). In addition, the
gas flow values are also reported in that table to evaluate the presence of surface defects, like

pinholes.

The analysis by SEM confirmed the formation of a dense top layer on the PAN support with a

homogeneous thickness of ~2 um (Figure 4-8).
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Figure 4-8. SEM pictures of the membrane cross-section showing the selective layer made of
the blend PVA/coPDMAEMAZ100 on PAN asymmetric porous structure.

The separation performances of all these membranes are compared with pristine PVA
membrane (prepared under the same conditions as the blend membranes) and a commercial
membrane, PERVAP™ 4155-80 (Figure 4-9 and Figure 4-12). Although several commercial
and non-commercial membranes exist for water separation from ethanol by pervaporation, there
are no reports on membranes compatible with ethanol containing acetaldehyde and acids; hence
a comparison with other membranes that are not tested with mixtures containing those
contaminants would be misleading. As highlighted in introduction part, the series PERVAP™
4155-XX are compatible with acids and aldehydes. However, the water/ethanol selectivity is

extremely poor for application in bioethanol dehydration.

The dehydration of ethanol by pervaporation is performed at 95 °C, 2 bar in the feed side and
10 mbar in the permeate side. The water concentration in the feed, for which the data are

collected, covers the typical industrial stream in the last step of bioethanol dehydration.
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Figure 4-9. Separation performance of the composite membranes from blend 80:20

(PVA/copolymer) for the dehydration of binary EtOH/water mixtures. (A) water permeance,

(B) ethanol permeance and (C) selectivity at 95 °C, 2 bar in the feed side and 10 mbar in the

permeate side.

The composite membranes from PVA/copolymer blends with ratio 80:20 exhibit extremely
high water permeance (Figure 4-9A). However, the selectivity is low (Figure 4-9C). The blend
with the coPNVIm20 exhibited the highest water permeance (four times higher than PVA) but
at the same time, the lowest selectivity. These results are mainly attributed to the presence of
copolymer, which represents the 20 wt.% of the membrane material. The copolymer present in
the PVA matrix disrupts the crystallization of PVA chains, and thus, the crystallinity is
decreased in the blends 80:20 (Table 4-1). In addition to the crystallinity decrease (compared
to pristine PVA), the hydrophilicity nature of copolymers also contributed to the increase of

water permeance.
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Figure 4-10. Contact angle measurements on composite membranes, PVVA/copolymer ratio (A)
95:5 and (B) 80:20.

The CA measurements (Figure 4-10) confirm the high hydrophilicity of membranes containing
the copolymers. They are even more hydrophilic than the pristine PVA membrane (CA of blend
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membranes < 50°). These results indicate the preferential adsorption of water molecules on the

selective layer, which enhances the water permeance.

Compared to the commercial membrane PERVAP™ 4155-80, all blend membranes exhibit
higher water permeances. Because the ethanol permeance is slightly high through these
membranes, the overall water/ethanol selectivity is lower than the commercial one, except for
the membranes containing the PNVIm homopolymer (coPNVIM100) and the copolymer
coPNVIm60.

In terms of water/ethanol selectivity, these membranes (from blends with ratio 80:20) are not
suitable for ethanol dehydration. Nevertheless, they are potential candidates for dehydration of

higher alcohols like isopropanol (Figure 4-11), butanol, pentanol, etc.
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Figure 4-11. Separation performances of the composite membrane from PVA/coPDMAEMAGO
(95:5) blend (black square), standard commercial membrane PERVAP™ 4100 (red square) and
membrane PERVAP™ 4155-80 (blue square) for the dehydration of binary IPA/water mixture.
(A) water permeance, (B) isopropanol permeance and (C) selectivity at 95 °C, 2 bar on the feed

side and 10 mbar at the permeate side.



Results and discussion 69

Figure 4-12 shows the separation performance of membranes prepared from blends with ratio
95:5. The water permeance of these membranes are also higher than PVA membrane (Figure
4-12A). Although the water permeance values of these membranes are slightly lower than those
previously discussed (blend membranes with ratio 80:20), the water/ethanol selectivity values
are higher. Thus, with a lower content of copolymer in the blend, the water permeance is kept
higher than PVA and PERVAP™ 4155-80 (compared to PERVAP™ 4155-80, the samples
containing the homopolymers, coPDMAEMA100, coPDMAEMAO and coPNVImO show

lower permeance values).
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Figure 4-12. Separation performances of the composite membranes from blend 95:5
(PVA/copolymer), for the dehydration of binary EtOH/water mixtures. (A) water permeance,
(B) ethanol permeance and (C) selectivity at 95 °C, 2 bar in the feed side and 10 mbar in the

permeate side.

Because the ethanol permeance values are low in these blend membranes (Figure 4-12B), the
water/ethanol selectivity is high. The improvement of selectivity is supported by the
crystallinity (Table 4-1) which fit very well to pervaporation results, i.e., the blend membranes
with ratio 95:5 exhibit higher degree of crystallinity than blend membranes with ratio 80:20,

and thus, the permeation of ethanol through the membranes containing 5 wt.% of copolymers
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is less due to the less plasticization effect (by the water). Because of less amorphous phase in
the membrane material, the membranes swell less, which results in lower ethanol permeance

and higher water selectivity.

As maximize the water/ethanol selectivity by controlling the copolymer type and content
(tailor-made copolymers) is the aim of this work, the membranes containing the copolymers
with a ratio of 95:5 are promising for ethanol dehydration, since they show higher selectivity
and permeance than the commercial PERVAP™ 4155-80.

The membranes containing the copolymers coPDMAEMAG0 and coPDMAEMAZ20 present
slightly lower selectivity values than those containing the homopolymer (coPDMAEMAZ100),
but they are still higher than PERVAP™ 4155-80. The water permeance is also high (more than
50%) compared to the blend with its homopolymer. This trend is also observed for the

copolymer containing PNVIm, albeit to a lesser extent.

The highest water permeance values are obtained for the blend membranes containing the
copolymer of PNVIm (coPNVIm60 and coPNVIm20). However, the selectivity values are
lower than those for copolymers of PDMAEMA. These results can be mainly attributed to the
degree of crystallinity in the blend (Table 4-1), i.e., the blends (95:5) with PNVIm copolymer
contain less crystallinity than the blend with PDMAEMA copolymers, which results in a higher
water permeance but lower selectivity. Another factor could also be the chemical composition
of the copolymer and the structure of NVIm unit, which has a cyclic side group and contains

an aromatic nitrogen atom that improves the wettability of the blend.

On the one hand, the membrane from blend PVA/coPDMAEMAZ100 (ratio 95:5) exhibits the
highest water/ethanol selectivity, especially at lower feed water concentration. On the other
hand, the membranes from blends PVA/coPDMAEMAG0 and PVVA/coPDMAEMA20 with the
ratio 95:5 provide the optimal trade-off between water permeance and water/ethanol selectivity.
The material formulation with these copolymers produces membranes with higher water
permeance than the pristine PVA membrane. Compared to PERVAP™ 4155-80, the
membranes prepared with the tailor-made copolymer show higher water permeance and higher

selectivity.

From an industrial point of view, the stability of a membrane under industrial operating
conditions is crucial; hence it needs to be evaluated and confirmed before its production and its
application at industrial scale. In this regard, the thermal stability and the chemical resistance
against acetaldehyde were continuously monitored (long term tests) in this work.
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As first step, the membrane with the highest selectivity (from blend PVA/coPDMAEMA100)
Is investigated at 95 °C with a mixture of ethanol/water (5 wt.% of water) containing
acetaldehyde up to 600 ppm (this mixture simulates a typical bioethanol stream containing
acetaldehyde). The water flux and water concentration in the permeate monitored continuously
during 270 h are presented in Figure 4-13 (full raw data of stability test to see the deviation/error
are presented in Appendix, Figure 9-7). Throughout the test period, the membrane did not show
any change, i.e., the separation performance (both water flux and permeate concentration) is
stable over time for the operating conditions described above. The successful long term stability
test proves the potential of this new membrane formulation for bioethanol dehydration
containing acetaldehyde. As described in the introduction part, the presence of acetaldehyde in

bioethanol streams harms the cross-linked PVA membrane.
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Figure 4-13. Long-term stability test of the composite membrane from blend PVA/
cOPDMAEMA100 (ratio 95:5) for the dehydration of a simulated bioethanol stream
(EtOH/water) at 95 °C, 2 bar in the feed side and 10 mbar in the permeate side. The water
permeate fluxes and concentrations in the permeate are the results obtained for a water

concentration in feed of 5 wt.%.

The other two promising formulations (PVA/coPDMAEMAG0 and PVA/coPDMAEMAZ20)
with ratio 95:5 are also being investigated at DeltaMem in long term to confirm their stability

with different bioethanol streams.
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4.3. Conclusion

A series of tailor-made P(NVP-co-DMAEMA) and P(NVP-co-NVIm) copolymers with defined
monomer ratio were synthesized and characterized in terms of chemical composition and
thermal properties. Thereafter, PVA/copolymer blends with mass ratio of 80:20 and 95:5 were
successfully prepared and used to prepare freestanding dense films for characterization as

membrane materials ahead of the fabrication of composite membranes.

The copolymer synthesis by free radical polymerization allowed obtaining tailor-made random
copolymers with controlled composition and molecular weight. These copolymers blended with
PVA resulted to be better than the commercial copolymer employed for the fabrication of
PERVAP™ 4155-80, i.e., membranes with better separation performance for bioethanol

dehydration were obtained.

As a general trend, all membranes containing copolymers showed a higher water permeance.
The membranes composed of blends with a mass ratio of 80:20 present poor selectivity for
ethanol dehydration, albeit show the highest water permeance values. Hence, these membranes
are less suitable for ethanol dehydration, but show interesting performance for dehydration of
solvents with higher molecular weight than ethanol. The membranes made from blends with a

ratio of 95:5 exhibit higher selectivity values than those prepared from 80:20 blends.

The membrane containing the homopolymer coPDMAEMAZ100 (blend, 95:5) exhibited the
highest water/ethanol selectivity, while the P(NVP-co-DMAEMA) copolymers containing
DMAEMA units (20 and 60 mol.%) allow obtaining composite membranes (blend 95:5) with
an optimal trade-off between water permeance and water/ethanol selectivity. These last

membranes perform better than the commercial membrane PERVAP™ 4155-80.

The tailored copolymers significantly influenced the crystallinity of the resulting
PVA/copolymer blends. Specifically, imidazole moieties were confirmed to inhibit the
formation of crystalline domains. Comparatively, the aliphatic side group of PDMAEMA, in
contrast to the aromatic imidazole moiety of PNVP, likely resulted in reduced steric hindrance.
Consequently, a lower degree of crystallinity was achieved, leading to composite membranes
with diminished selectivity. These crystalline regions, being impermeable, act as robust
crosslinking points, unaffected by the presence of acetaldehyde. By fine-tuning the copolymer
properties through synthesis and adjusting the blend composition with PVA, the enhanced

crystallinity contributed to the development of membranes that not only surpassed commercial
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membranes in separation performance but also exhibited exceptional chemical stability, as
demonstrated in long-term stability tests.

This work demonstrated that by synthesizing tailor-made copolymers (rather using the
commercial ones) and blending with PVA, the formulation of membrane material has been

tuned for producing membranes with improved separation properties.

The results also confirm that a well-structured work on polymer synthesis and characterization,
blend preparation, dense film characterization and composite membrane preparation is very
important for understanding the final membrane properties and developing better and robust

membranes.






5.  Amphiphilic poly(vinyl alcohol) membranes
leaving out chemical cross-linkers: Design, synthesis
and function of tailor-made poly(vinyl alcohol)-b-

poly(styrene) copolymers

This chapter contains parts of a published work: Alessandro Angelini, Anja Car, lonel Adrian
Dinu, Luigi Leva, Wilfredo Yave. Macromolecular Rapid Communications 2023, 44,
2200875.

This work is dedicated to our beloved mentor, friend, scientist, collaborator, and great person
Prof. Wolfgang Meier. We will remember him for his energy, tenacity, and his positive thoughts.
He was a brilliant and visionary scientist who gained worldwide scientific recognition for his
work. Despite the hard illness, he stayed passionate about science until the last breath. “He

will stay in our hearts.”

5.1. Introduction

Design, synthesis, and use of new nanostructured materials are very important in today’s world.
According to the Sustainable Development Goals (SDG) from the United Nations (Goal 7),
“energy is central to nearly every major challenge and opportunity the world faces today”.?*
Therefore, innovation in material synthesis and material processing is a key and a driving force

to achieve goals related to clean/sustainable energy and to energy efficient processes.

In the last twenty years, scientists focused on design and synthesis of new amphiphilic block
copolymers with fascinating properties for nanolithography, photonics, photovoltaics,
membranes, and drug delivery.?>*?%° These copolymers are a family of polymers having two or
more polymer chains (blocks) chemically bonded to each other, and they can self-assemble into
ordered nanodomains due to their peculiar chemical and physical properties.?12%2 The control
and manipulation of those nanostructured patterns by different methods has been intensively
studied t00.26% 264270 | fact, block copolymer thin films coated on a flat substrate have attracted
attention because they are precursor materials for nanodevices and for synthetic membranes

that are used in separation technologies. As membranes, they have been studied as




76 CHAPTER 5

nanostructured dense and porous membranes, they displayed stimuli-responsive properties and
superior separation performance than those obtained from conventional polymers used in the
membrane fabrication.?’*-2"® However, very often, the right block-copolymer as membrane
material (with specific molecular weight and block ratio) does not exist or its synthesis is very
difficult, and thus, the design and synthesis of tailor-made block-copolymers for separation

membranes are still challenging within the scientific community.

Due to the polymer solution properties and as solid films, amphiphilic block copolymers based
on PVA and poly(styrene) (PVA-b-PS) could become important and attractive in the field of
coatings, thin films, drug delivery and emulsion systems.?4® 277279 Both PVA and PS blocks as
homopolymers are widely used in a range of industrial products, from packing, membranes,
electronics and automotive to food, medical and pharmaceutical applications.?8-282 Although
PVA-b-PS copolymers were already synthesized in the past following different methods of
synthesis, 2832 they have not attracted much attention compared to other block copolymers.
This could have happened because high molecular weight copolymers with narrow molecular
weight distribution and controlled PVA/PS block ratio are difficult to obtain.t™" 285292 The
reported copolymers exhibit low molecular weights, and the ratio of PVA/PS are not suitable
for applications where they could have a great potential, e.g., for membrane fabrication. So,
obtaining block copolymers with high molecular weights and controlled PVA block is a great
challenge. Briefly, PVA-b-PS with molecular weights within the range of 2 kDa to 60 kDa has
been reported. Although the PVA/PS ratio can be well controlled, the combination of PVA/PS
ratio with the molecular weight of copolymer are not the appropriate as membrane material. To
produce synthetic membranes, the copolymer must have good film-forming property. Thus,
PVA-b-PS copolymers with the combination of molecular weight higher than 60 kDa and
PVA/PS ratio between 4 and 20 (wt.%/wt.%) are needed.

In the field of membranes, PVA homopolymer is industrially used to produce different types of
membranes because it is one of the most hydrophilic polymers, as well as simple to process.?*®
282, 29329 |n addition, PVA is a semicrystalline polymer with good mechanical and thermal
properties.?®*2% Because of this feature (semicrystalline and highly hydrophilic), the
amorphous phase of PVA absorbs water, and thus, this leads to the polymer swelling, and in
boiling water, the PVA crystallites can be easily dissolved.?*® 2%4297 Tq |imit the swelling and
dissolution of PVA, membranes are chemically cross-linked, most commonly using aldehydes
and dicarboxylic acids, which under acid catalysis react with PVA to form cross-links.293-2%4 298
Methods of PVA cross-linking are of great interest since PVA has been industrially used.

Today, PVA membranes are still being produced by using chemical cross-linkers and acid



Results and discussion 77

catalyst.?* 282 physical or thermal cross-linking methods were also proposed to make PVA
resistant to water, the key in these methods is the crystallinity, 244248, 295299300 By heat treatment
(HT) or thermal annealing (above glass transition temperature), the PVA chain motion in the
amorphous phase (apparent molten state) increases, and because of attraction forces due to the
hydrogen bonding, they can form new crystallites and induce the growth of existing crystallites,
consequently the crystallinity increases. By freezing-thawing cycles, the crystallinity, and the
size of crystallites in PVA can be also controlled, this method has been widely used in the
production of hydrogels?*® 301303 and films for drug-release.3®*3% Thus, new routes of either

chemical or physical PVA cross-linking are still of great importance.

In this work, we focus on the design, synthesis and self-assembly of tailor-made PVA-b-PS as
membrane material. To our knowledge, this is the first report on synthesis of PVA-b-PS
copolymers with high molecular weight and good film-forming properties. Combining the
benchmark hydrophilic block (PVA) with a small hydrophobic domain (PS) within the
membrane matrix, we demonstrate that PS nanodomains act as cross-linking points, so chemical
cross-linkers and acid catalysts would no longer be needed. Pervaporation tests were carried
out using a standard mixture of ethanol and water to evaluate block copolymer membranes’
separation performance. We also show that by an additional thermal annealing, the crystallinity
of the block copolymer can be enhanced, making the material more resistant to water and
solvents. Therefore, the use of this type of block copolymers in the membrane field would
become a breakthrough since the use of regulated chemical compounds (acids and cross-linkers)
can be eliminated, and the manufacturing cost of end products could be reduced.

5.2. Results and discussion

5.2.1. Synthesis and structural characterization of block copolymers

The synthesis of PVA-b-PS or PS-b-PVA copolymers with low Mn and narrow dispersity is
straightforward, as reported by Altintas et al'”* [38] and other authors (Table 9-3, Appendix).
However, when we attempted to synthesize copolymers with high Mn and high content of PVA
block, we ran into some limiting factors that hindered the polymerization reaction, i.e., the

growth of polymer chain was limited.

To overcome this problem, we first synthesized PS-Br homopolymers according to Altintas et
al, the kinetic of polymerization was investigated, and the results showed that high

concentration of initiator and catalyst, and low concentration of reducing agent (Sn(EH)2)
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produce well controlled (B < 1.10) polymers, but with low Mn. The rate of polymerization was
quite linear until the conversion reached 20-30%, and the values of Ln[M]o/[M]: increased
linearly with time at this stage. However, for longer time of polymerization, both the conversion
and the values of Ln[M]o/[M]: did not show linearity anymore, they showed a plateau (Figure
9-8, Appendix), and thus, polymers with lower Mn than 32 kDa were obtained (Figure 9-8,
Appendix). As a second step, lower concentration of initiator and catalyst were used to reduce
the number of polymer chains and to minimize the s-hydrogen elimination,3%6-3% respectively.
After several polymerization experiments, the reducing agent (Sn(EH)2) was increased with the
aim of regenerating the active catalyst (Cu'/Ligand), since during the termination process,
Cu'"/Ligand is formed.2®® Thus, these changes in the formulation allowed obtaining PS-Br

homopolymers with higher Mn and high conversion.

The chain extension of PS-CTA by vinyl acetate (VAc) in presence of 2,2’-azobis(2-
methylpropionitrile) (AIBN) was more straightforward, here we only increased the
concentration of VAc monomer with respect to PS-CTA macroinitiator, and both the

conversion and the M, could be controlled (see Figure 9-8 in Appendix).

Figure 5-1 shows the results of the analysis performed during the PS-b-PVA synthesis (e.g.,
PS100-b-PVA1639): the synthesis of PS-Br by ARGET-ATRP (Activators ReGenerated by
Electron Transfer atom transfer radical polymerization; *H NMR and GPC), the bromine
substitution by the azide group (GPC), the CTA attachment (GPC), the chain extension by
RAFT polymerization of VAc (GPC) and the obtention of PS-b-PVA by hydrolysis (*H NMR
and ATR-FTIR). The 'H NMR spectra corresponding to PS-Br, PS-N3, PS-CTA, PS-b-PVAc
and PS-b-PVA are presented in Appendix (Figure 9-9). Here, we show only the spectra for PS-
Br and PS-b-PVA (Figure 5-1, a and b), the observed peaks are consistent with literature, %29
291,310-311 the characteristic signals corresponding to aromatic protons of the PS block are clearly
identified in both spectra, these are associated to the resonance from 7.24 to 6.30 ppm (peaks
¢, d and e). The signals from 1.62 to 1.33 ppm arise from the aliphatic protons from the block
copolymer backbone (peaks a, b, and f) except for the protons adjacent to the hydroxyl groups
which appear at 3.84 ppm (peak g). The signals at 4.68, 4.52 and 4.28 ppm are related to the
different tacticity of the hydroxyl proton from the PVA block (peak h = isotactic, i = atactic and

J = syndiotactic).

The change of molecular structure from PS-Br to PS-Ns to PS-CTA and to PS-b-PVAc is nicely
monitored by the GPC elugrams (Figure 5-1c). GPC elugrams at different stages during the

synthesis show that the synthesized PS-Br homopolymer exhibits narrow molecular weight
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distributions (B = 1.08), this dispersity value is kept when the bromine group is substituted by
the azide group. Later, the PS-CTA shows a slight increase of dispersity to 1.10. These results
confirm a good control of the PS-CTA macroinitiator synthesis. However, in this last step, a
small bump appeared at the lower elution volume (21 mL) which would correspond to the
formation of small amount of higher molecular weight species. After chain extension of PS-
CTA with VAc, the GPC curve corresponding to PS-b-PVVAc shows a significant shift to lower
elution volume, what confirms the increase of molecular weight of polymer, the dispersity value
in this case increased to 1.74. Two small shoulders are also observed, the first one matching to
the PS-Br precursor (23.5 mL) and the second one (21 mL) to the PS-CTA. Both small
shoulders would correspond to inactive chain ends that did not lead to chain extension, and
thus, they contributed to the increase of PD. These small fractions of both PS-Br and PS-CTA
can be tolerated in this step, since in the next step (hydrolysis) they should not precipitate. Even
though a broader molecular weight distribution is observed, in practice they should be lower
when PS-b-PVAc is hydrolyzed to PS-b-PVA. Compared to other PS-b-PVAc reported in the

literature (Table 9-3, Appendix), the dispersity that we have obtained are similar or lower.

The full conversion of PVAc block to PVA block is confirmed by *H NMR (Figure 9-9,
Appendix) and ATR-FTIR (Figure 5-1d) analyses. The complete disappearance of C=0 stretch
at 1735 cm™* and appearance of the broad O-H signal around 3287 cm™ confirm that PVAc was
completely hydrolyzed.*"* 311-312 The peaks corresponding to PS (C-H stretching of the benzene
ring at 3026 cm™, carbon ring vibration at 1601 and 1493 cm™, and the out-of-plane ring
vibration at 755, 698 and 540 cm™)17% 313 remained unaffected. Besides the confirmation of the
successful hydrolysis, few other characteristic peaks were identified, like the medium band at
2924 cm which is attributed to the stretching of CH groups from the backbone, the increase
of the band at 1420 cm™ that is characteristic for the bending vibrations of the CHz, the medium
band at 1323 cm™ and the strong peak at 1088 cm™ associated to the OH bending and the C-O
stretching of the alcohol group, respectively. The semicrystalline feature of PVA that is

represented by the C-O stretching vibration at 1141 cm™ 314315 js also observed.
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Figure 5-1. Chemical structural characterization of synthesized homopolymers and diblock
copolymers: a) *H NMR spectrum corresponding to PS-Br homopolymer, and b) *H NMR
spectrum of PS-b-PVA block copolymer. The peaks marked with an asterisk (*) correspond to
the trace of solvents used during synthesis and purification steps (water and THF in CDCI3 and
DMSO-d6, respectively. c) GPC elugrams of PS-Br, PS-N3, PS-CTA and PS-b-PVAc
polymers, and d) ATR-FTIR spectra of PS-b-PVAc and PS-b-PVA diblock copolymers.

A list of copolymers synthesized for this work are presented in Table 5-1. In addition to the
hydrophilic block-copolymers, a block copolymer containing high PS block was synthesized

for comparison. The names of block copolymers are referred to PVA content (weight fraction)
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obtained by *H NMR spectroscopy. The Mx values are also obtained from the *H NMR analysis.
As seen, we were able to obtain copolymers with Mn higher than 60 kDa and PVA block content
higher than 80 wt.%. Because the PS-b-PVA copolymers are not soluble in almost all typical
solvents used in GPC analyses (Table 9-5, Appendix), the reported dispersity corresponds to
PS-b-PVAc, so we assume that the dispersity values do not change during the hydrolysis step,
or even they decrease due to the presence of inactive PS-Br and PS-CTA that did not precipitate
together with PS-b-PVA, described above.

Table 5-1: Composition, conversion, Mn, B and fpva of synthesized PS-b-PVA copolymers.

Sample Composition @ Conversion M, @ [g/mol] pb fpual
(%]

PVA-31 PS20s-b-PVAz18 5 45000 1.29 0.31

PVA-68 PS192-b-PVAgus 25 61700 1.53 0.68

PVA-79 PS130-b-PVA1220 61 68200 1.45 0.79

PVA-87 PS100-b-PVAs639 55 82500 1.74 0.87

PVA-92 PSse-b-PV A1s00 66 71800 2.11 0.92

3 obtained by *H NMR; ® corresponds to PS-b-PVAc (obtained by GPC)

The copolymers that have high M, (> 60 kDa) and high content of PVA block (> 80 wt.%) are
tailor-made for applications in the membrane field (discussed later). The other copolymers with
low M, and low content of PVA do not show good film-forming property (Figure 9-13,
Appendix), and are less hydrophilic, and thus, they cannot be used as membrane material.

However, they can have potential applications in others field.

5.2.2. Thermal characterization of block copolymers

DSC and TGA measurements were performed to determine the glass transition temperature
(Tg), melting temperature (Tm), crystallinity and decomposition temperature (Tq) of
homopolymers (PS and PVA) and block copolymers (Figure 5-2), respectively. The DSC
thermograms (Figure 5-2a) confirm that the copolymers are constituted by two blocks that tend
to microphase separation (presence of two glass transitions). The first transition observed
between 74 and 81 °C corresponds to the glass transition of PVA 2 while those between 101
and 106 °C to the glass transition of PS.31” The T4 of the short block either PS or PVA in the
block copolymers (PVA-92 and PVA-31) cannot be distinguished, this can be because when a
polymer segment of the block copolymer decreases in length, its Ty can be suppressed relative
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to the other segment.3!8 At 180 °C, an endothermic peak corresponding to the melting transition
of the PVA crystalline domains appears,?#4-24-31¢ from this endothermic peak we obtained the
Tm (> 220°C) and the crystallinity of PVVA block. The fraction of crystallinity is calculated from
the ratio between the enthalpy of fusion from the endothermic melting peak (AHs) of sample
and the enthalpy of fusion of the totally crystalline polymer PVA (AH{°) by using AH{® = 138.6

J g-1.244

50 100 150 200 250
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Deriv. Weight (%/C)

——PVA-100
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T T

100 200 300 400 500
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Figure 5-2. DSC (a) and TGA (b) thermograms for PVA and PS homopolymers and for PS-b-
PVA copolymers.

The TGA shows three distinct degradation regions (Figure 5-2b), the first weight loss (=100°C)
is attributed to the evaporation of water, which is absorbed by the hydrophilic samples (except

the PS homopolymer). From =200°C to 240°C, the decomposition of PVA starts, and the lowest
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value corresponds to the copolymer with low M, and low content of PVA, while the other
copolymers exhibit higher values of Tq, which are expected because the M, and PVA content
in the copolymers increase. The second weight loss is observed in the range of 400-450 °C, this
Ta corresponds to PS. All thermal properties corresponding to the copolymers of interest and

homopolymers are summarized in Table 5-2.

Table 5-2: Thermal properties of PS, PVA and PS-b-PVA copolymers with high M.

Sample THVA [°C] TS [°C1 Tw™VA [°C] Crystallinity [%] TPYA [°C] Td&°  [°C]
PVA-0 (PS) n.a. 95.2+0.3 n.a. n.a. n.a. 401
PVA-31 - 103.4+£0.1 223111 274+£16 192.0 418.0
PVA-68 72.1+£0.2 1054+04 2318%04 32417 237.0 419.0
PVA-79 748+15 104.4+06 2264=x14 35.6+£28 207.0 416.0
PVA-87 75.2+£0.9 103.2+18 229.1+0.6 39.6+1.2 225.0 405.0
PVA-92 77.4+£13 - 231.5%0.2 52.6+0.6 231.0 411.0
PVA-100 76.4+0.2 n.a. 2290+ 14 55.2+1.7 250.0 n.a.

The full conversion of PVAc to PVA by hydrolysis was also confirmed by DSC (Figure 9-11,
Appendix). For the PS-b-PVAc, the thermogram shows that the block copolymers are
amorphous, i.e., only glass transitions of each block are observed (e.g., To"VA°=39.7 °C and Ty
PS = 101.8 °C). However, after the hydrolysis of PVAc block to PVA, the T corresponding to
PVACc disappears completely, and the endothermic peak corresponding to the PVA melting
transition appears. According to the DCS analysis, the copolymers are composed by two
separated microphases, one that corresponds to PS amorphous phase, and the other one where
PVA amorphous and crystalline phase coexist. The interesting of these copolymers is that PS
iIs completely amorphous, glassy, and acts as barrier, while PVA is semicrystalline, its
amorphous phase can swell in presence of water, and the swollen state of this phase allows
permeating water and other molecules depending on molecular size and affinity. Thus, these

features give the possibility of tunning the final transport property of material.

5.2.3. Thick dense film preparation and characterization

As this block copolymers are not soluble in common solvents (Table 9-5, Appendix), the

Hansen Solubility Parameters (HSPs) of each block were plotted together with those of
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common solvents (Figure 5-3). This 3D plot helps to identify possible formulations (mixtures
of solvents) which may allow obtaining a homogeneous solution. The dashed line (gray)
between the PS and PVA core represents the calculated parameters according to the hydrophilic
block content, e.g., for a balanced ratio (50/50 wt.%/wt.%), N,N-Dimethylacetamide (DMAC)
should be an ideal candidate because the HSP values are in the middle of the line. The choice
of this solvent is in good agreement with the literature, since PS-b-PVA block copolymers with
low Mn and low PVA content were dissolved in DMAc.*"* In our case, the dissolution of PVA-
b-PS with high M, and high PVA content turned out to be impossible. Other solvents and
mixtures of thereof did not provide satisfying results, and after several attempts, the only solvent
that dissolved to the block copolymers was hot DMSO, except to PVA-31 block copolymer that
has high content of PS block.

T
] ,..a-"'—wa{e,‘

0t | ]

£ 207

Figure 5-3. Representation of the Hansen Solubility Parameters in 3D space for PVA, PS, PVA-

b-PS and typical solvents used for membrane preparation.

Self-standing dense films with thicknesses ranging between 15-20 pm were prepared by casting
from solutions of block copolymer in DMSO. For comparison purposes, commercial PVA and
PS homopolymers (referred to as PVA-100 and PVA-0) films were also prepared.

CA measurements performed on the self-standing films (Figure 5-4a) show that the block
copolymer samples are less hydrophilic than the sample prepared from PVA homopolymer,
which is correlated with the PVA content. The PVA film shows the lowest CA value (57°),
while the PS film has the highest one (95°). Interestingly, the CA values of the block copolymer
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films increase in a very cute way as the PS content increases. Compared to the chemically cross-
linked PVA (55°),%° the block copolymer films exhibit high values of CA. Although the CA
values of copolymer films slightly increase (from 74.9° to 83.5°) as the PS content increases,
the degree of swelling of samples (Figure 5-4b) in ethanol/water mixture is almost the same (=~
20%), which means that the content of PS block (< 32 wt.%) in these copolymers did not affect
the swelling of block copolymer films. These results could be attributed to three factors: 1) a
balance between PVA content in the copolymer and PVA amorphous fraction, i.e., high PVA
content balances the low amorphous fraction of PVA (see Table 5-1 and Table 5-2), 2) the slight
variation of M, (Table 5-1), and 3) the water content in the mixture (7 wt.% water in ethanol)
used for the swelling tests. The fact of using ethanol/water mixture instead of water for the
swelling test is to obtain realistic results that represent the medium where the membranes will
be used, since the swelling tests are important for the membrane material, because the
separation performance and stability of polymeric membranes depend strongly on swelling
degree of material. Last, the PS film did not swell at all, and the chemically cross-linked PVA

swelled up only 5%.
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Figure 5-4. Properties of self-standing dense films: a) Contact angle, b) swelling degree, c)
water (filled experimental points) and ethanol (unfilled experimental points) permeability, and
d) water/ethanol selectivity.

Figure 5-4c shows the water and ethanol permeability through the dense films. Those were
obtained by carrying out pervaporation tests (feed: ethanol/water mixture with 4.5 wt.% water,
operating temperature: 95 °C, and permeate pressure: 10mbar). The water permeability values
for copolymer membranes with less than 80% of PVA block are lower than those with 87% and
92%. This result is attributed to the PVA hydrophilicity (Figure 5-4), i.e., the higher the
hydrophilicity of membrane, the higher the water permeability.*> ®1 However, the PVA
homopolymer sample showed even lower water permeability, which was not expected and is
contrary to the previous statement. Therefore here, the PS domain played an important role. In
films from PVA homopolymer, the polymeric chains of PVA crystallized to a major extent,
which resulted in higher crystallinity and less PVA permeable amorphous phase, hence it led
to lower water permeability. In films from PVA-b-PS copolymers, the presence of PS

nanodomains hindered the PVA crystallization and thus, it led to less crystallinity (Table 9-6,
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Appendix). Therefore, a controlled quantity of PS domain allowed to obtain potential
membrane materials like PVA-87 and PVA-92.

As seen, the water permeability increases slowly as the PS content decreases within PVA matrix
until reaching a maximum (PVA-92), these results agree with the hydrophilicity nature of the
copolymers. This means the affinity of water molecules is favored as the PVA content in the

block copolymer increases.

On the other hand, the water/ethanol selectivity values for the block copolymer films are lower
than the sample prepared from PVA homopolymer. The PVA film shows the highest value of
selectivity (= 30), because the crystallinity is high and the homopolymer is the most hydrophilic,
where the water affinity is high. This behavior fits well with the tradeoff of polymeric
membranes, the higher the selectivity, the lower the permeability (see Figure 5-4c,d).

In block copolymer films, the water/ethanol selectivity shows a maximum that could be
between 80 and 95 wt.% of PVA content. As the water permeability also shows a maximum
around 92 wt.% of PVA, we believe this to be due to the nanostructure of block copolymer. At
the beginning of this work, we targeted to synthesize tailor-made block copolymers with PVA
content higher than 80 wt.% and high My, and we hypothesized that small quantity of PS
domains within the PVA matrix will act as cross-linking points without affecting much the
separation performance of PVA membranes. Surprisingly, here we confirm our hypothesis,
according to Bates and Frederickson,?® 32 and Groot and Madden,®! the self-assembly of di-
block copolymers and its nanostructure domains can be predicted knowing yN and f (where y
is the Flory-Huggins parameter, N is the polymer length, and f the ratio of block size). So, the
copolymer PVA-92 falls within the disorder region and the resulting nanostructure may be
disorder cubic arrays, and the PVA-87 enters in the cubic symmetry phase with ordered
nanodomains as body centered cubic structure. Thus, the characteristic of these nanostructures
supports the water permeability results, since a cylindrical and/or lamellar nanostructure would
lead to lower water permeability due to the PS continuous nanodomains that would act as

impermeable phases.

The nanostructure in melt, the properties, and the self-assembly of these block copolymers (for
the entire range of composition) will be investigated and discussed in a separate work. Here,

we only focus on block copolymers with > 80 wt.% of PVA block and high M.
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524. Self-assembly of block copolymers in solution

Obtaining ordered nanostructures with block copolymers is complicated because different
factors such as substrate, polymer solution concentration, thickness of the thin film, method of
preparation, ambient conditions, method of post-treatment among others affect the self-
assembly. Thus, the control of nanostructure formation by different methods is considered

crucial for obtaining large areas (m?) of thin films or membranes.26> 271 322-324

To induce and control the self-assembly of block copolymers, we used the method of “solvent
switch” by dialysis (Figure 5-5), this method is very versatile because allows controlling the
solvent exchange rate and the final solute concentration. First, the PVA-b-PS copolymer is
dissolved in DMSO (3 wt.%), as described in section 7.4. Second, water is added dropwise to
the solution; while water is being added, the block copolymer chains start to self-assemble to
form micelles with PS block as core, surrounded by PVA as shell, this happens because the
medium is aqueous and the PVA block is hydrophilic. Third, when DMSO is completely
removed by dialysis, the self-assembled micelles coexist in water and are stable (Figure 9-12,

Appendix). Last, the self-assembled micelles can be cast onto a substrate to obtain

*
= B = 8

nanostructured thin films.

¥

sNGH KRR | *

Homogeneous solution Self-assembly in solution Self-assembled micelles
DMSO DMSO + H20 H20

Figure 5-5. Self-assembly of PVA-b-PS copolymer in solution by “solvent switch” method.

The prepared PVA-b-PS micelle solutions were characterized by dynamic light scattering
(DLS) and TEM (Figure 5-6). The DLS results show the presence of a trimodal distribution,
the first peaks correspond to the single micelles, whereas the second and the third one would
correspond to aggregates that resulted due to the aggregation of single micelles because of
strong hydrogen bonding between PVA shells. The highest intensity peak corresponds to single
micelles with (Dn) = 70, 90 and 100 nm, for PVA-92, PVA-87, and PVA-79 copolymers,
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respectively. Compared to literature,?8® 291 325326 the measured sizes are in good agreement,
considering the high molecular weight obtained in this work. The aggregates have larger
diameters, 400 nm, 700 nm and 5 um, respectively. Because the samples were not filtered, the
formation of aggregates was expected, since typical protocols for DLS analysis include sample
filtration. In our case, the samples were not filtered because the solution is used for the thin film
preparation as it is obtained. TEM images confirmed the self-assembly (Figure 5-6b-d) of block
copolymers in solution. The images reveal the presence of a plethora of micellar nanostructures,
the presence of worm-like structures also confirm that the micelles tend to aggregate, as
observed in DLS analysis. Although many micelles are partially aggregated, it is possible to
measure the diameters of the dried single micelle nanostructure, which are 19 + 2 nm,
Compared to DLS analysis, the Dy values obtained by TEM are lower, however they are
expected due to the differences in the methods used and sample nature. In DLS, the single
micelles are highly swollen and due to the PVVA content and concentration of solutions (15 mg
mL1), the single micelles are big and tend to aggregate in a greater extent, while for the TEM
analysis the solution is diluted (0.1 mg mL™), the nanostructures are frozen trapped and dried,

and thus, the single micelles and aggregates shrink.
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Figure 5-6. DLS results corresponding to PVA-92 (red line), PVA-87 (blue line) and PVA-79
(pink line) aqueous solution (a), TEM micrographs of PVA-92 (b), PVA-87 (c), and PVA-79

(d).

5.2.5. Thin films from self-assembled micelles

Although self-standing thin films are possible to obtain as small samples (Figure 9-13,
Appendix), for practical purposes, thin films onto poly(acrylonitrile) (PAN) porous substrate
were prepared from the self-assembled micelles in solution. Because the micelles are dispersed
in water and do not contain any chemical cross-linkers or acid catalysts, we think our process
is a very clean and innovative green process. Our approach of using these tailor-made
copolymers is to leave out the chemical cross-linkers during the PVA membrane preparation
(state-of-the-art of PVA membranes includes the use of chemical cross-linkers). The thin film
membranes prepared from these block copolymers would show interesting separation
performance due to the nanostructure within the membrane matrix. The micelles in solution
after the casting aggregate as the water evaporates, and when they are dried, the PVA blocks
make up the matrix of membrane and the dispersed PS nanodomains act as cross-linking points.

Thus, this membrane would no longer need chemical cross-linkers.
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We selected the PVA-87 sample to prepare thin film membranes, according to the copolymer
composition and micelle formation in the aqueous solution, the resulting membrane would be
composed of a PVA matrix with PS nanodomains uniformly distributed as body centered cubic
structure. For comparison, thin film from PVA homopolymer was also prepared under same

conditions.

Figure 5-7 shows the separation performance of thin films (permeance and selectivity) as a
function of temperature of thermal annealing or HT. As expected, the water permeance in block
copolymer thin films is higher (= 100%) than that in PVA homopolymer (Figure 5-7a), and a
thermal annealing (145 and 160 °C) of the thin films led to lower water permeances, but still
higher than PVA homopolymer film. Thermal annealing of block copolymers is applied to
induce molecular organization and to improve the micro-phase separation.®?’38 |n addition,
thermal annealing induce crystallization of PVA chains,?** 2% and thus, the permeability or
permeance decreases. In samples annealed or heat treated at 160°C, the water permeance
decreased more than 50% compared to the no-heat treated sample. In the case of ethanol
permeance, the decrease is more pronounced, i.e., after HT at 145 or 160°C, the ethanol
permeance in block copolymer films decreased by a factor of 15 and 45, respectively. These
results confirm that within the membrane matrix, the micro-phase separation between blocks
and the PVA crystallinity are enhanced because of thermal annealing (Figure 9-14, Appendix).
In PVA homopolymer film, the permeance decrease is attributed only to the increase of

crystallinity.
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Figure 5-7. Separation performance of thin film membranes for PVA-87 block copolymer
(square experimental points) and PVA homopolymer (circle experimental points); (a) water
(filled points) and ethanol (unfilled points) permeance, and (b) water/ethanol selectivity.
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Due to the enhanced microphase separation and increased PVA crystallinity, the water/ethanol
selectivity in the block copolymer thin films increased by a factor of 9 after a heat treatment at
145 °C. A subsequent heat treatment at 160 °C, the selectivity enhancement is almost by a factor
of 20. These changes in the membrane performance are impressive and are explained by the
nature of block-copolymer, i.e., the fraction of free volume decreased within the PVA
amorphous region due to the presence of cross-linking points because of both, the PS
nanodomains and the PVA crystallites (enhanced by thermal annealing). Therefore, ethanol
transport is hindered in greater extent than the water transport, what results in higher

water/ethanol selectivity values.

The thickness of thin films is = 1000 nm. SEM micrographs of thin-film membranes are

presented in the Supporting Information (Figure 9-15, Appendix).

5.3. Conclusion

Tailor-made PVA-b-PS copolymers with high molecular weight (> 70 kDa), and high content
of PVA (> 80 wt.%) were successfully synthesized by ARGET-ATRP and RAFT techniques.
To reach our target, we optimized the synthesis of block copolymer by decreasing the
concentration of initiator and catalyst during the polymerization, and by increasing the reducing
agent (Sn(EH)2) and VAc monomer with respect to PS-CTA macroinitiator. These changes led
to reduce the birth of new polymer chains, to minimize the B-hydrogen elimination, to

regenerate the active catalyst, and to extend the length of final polymeric chain, respectively.

The chemical structure of synthesized block copolymers and their thermal properties were
confirmed by different analysis techniques. The most important features of these copolymers
are the good film-forming property and their solubility in solvents. They are not soluble in any
solvent, except hot DMSO. Thus, these copolymers can be considered as solvent resistant
materials. Nevertheless, by switching the solvent by dialysis, self-assembled micelles in water

can be obtained.

Self-standing films are prepared by using DMSO and characterized in terms of permeability
and selectivity as membrane material for pervaporation applications. Although the block
copolymer films are less hydrophilic than PVA homopolymer, the water permeability is high
when =~ 10 wt.% of PS is present in the copolymer chain. Those results were attributed to the
nanostructure of block copolymer because of microphase separation, i.e., the membranes with

disordered nanodomains (disorder cubic arrays) and ordered nanodomains as body centered
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cubic structure exhibit higher water permeability than that in PVA homopolymer. At the same

time, we confirmed that PS nanodomains would be acting as cross-linking points.

Because the block copolymers are not soluble in any solvent, we investigated the switch of
solvent from DMSO to water by dialysis. By using this method, we demonstrated the control
of self-assembly of these block copolymers in solution (aqueous media), i.e., by adding water
to DMSO solution in a controlled way, the block copolymers form micelle nanostructures, and
then, when DMSO is completely removed, the micelles (70-100 nm) coexist and are stable in

the aqueous solution. The formation of micelles was confirmed by DLS and TEM.

The self-assembled micelle solution later can be cast onto a porous substrate to form thin-film
membranes. The thin-film membranes obtained in this form confirmed the higher water
permeance than that in PVA homopolymer. By a subsequent thermal annealing of thin films,
the water permeance decreased (more than 50%), but it was still higher than that in PVA
homopolymer. However, the selectivity of the membrane was extremely enhanced (up to a
factor of 20). These results were attributed to the improved microphase separation of block
copolymers and to the crystallinity increase of PVA block due to the thermal annealing. Due to
the PS domains present in the PVA matrix, we also demonstrated that chemical cross-linkers

are not needed anymore to make PVA membranes.

Although these block copolymers are still in laboratory stage (complex synthesis, therefore
expensive), we believe that in the near future, simpler synthetic methods will be developed.
Thus, this kind of tailor-made block copolymers might have a great impact in the membrane
field.



6. Conclusions and perspectives

With the major concerns about fossil fuels, the next generations of bioethanol (second and third)
become more and more attractive. Due to low energy consumption and its positive
environmental impact, pervaporation is a suitable and sustainable technology to produce energy
from renewable resources. As bioethanol progress leads to more complex situations, the
membrane materials used in pervaporation should follow up the trend in order to continue to

thrive.

In this thesis work, we focused on strategies to develop membrane materials compatible with
such bioethanol feedstocks. In the first part, we concentrated our efforts on two commercial
PV A membranes containing a copolymer. The ability of commercial membranes to adjust their
performance according to the pH of the environment represents a significant advance in the
design and application of membrane separation technologies. This pH-responsive characteristic
opens promising opportunities for adapting membranes to specific applications, enabling
targeted optimization according to the requirements of different industrial processes.
Furthermore, the well-known stability of these membranes in the presence of acetaldehyde
broadens the potential for use in demanding environments, enabling performance to be fine-
tuned. However, the pH-responsiveness expected from the DMAEMA moieties did not behave
according to our expectations. Surprisingly, when the pervaporation tests were performed with
the same membrane under different conditions, the membrane performance was irreversible.
From the performed samples analyses, crosslinking was observed because of the NVP moieties.
Hence the pH-responsiveness of such commercial membranes is compromised even though
some separation performance variation can be beneficial depending on the application.
Nevertheless, this adaptation of selectivity has clearly defined the potential of these membranes
and provided a path for the future synthesis of copolymers specifically designed to improve

membrane selectivity.

Considering the composition of the commercial copolymer investigated in the first part (only
5% of DMAEMA units), in the second part we decided to synthesize tailor-made P(NVP-co-
DMAEMA) together with an alternative copolymer P(NVP-co-NVIm) with defined monomer
ratio by FRP. PVA/copolymer blends were successively prepared with two compositions (80:20

and 95:5). The comprehensive characterization of these copolymers and the analysis of their
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behavior in membranes have enabled the correlation between polymer physicochemical
properties and separation performance. This has provided a solid basis for membrane
optimization in terms of selectivity and stability. The synthesized copolymers showed better
separation performances for bioethanol dehydration than the PERVAP™ 4155-80 containing
the commercial copolymer. The blends 80:20 displayed lower selectivity than the 95:5 blends
for ethanol dehydration while having the highest water permeance values at the same time. Such
membranes are not suitable for ethanol dehydration but they can be used for higher molecular
weight alcohols. It was found that the 95:5 blends displayed the best performances with an
optimal trade-off between water permeance and selectivity. An increase in the crystallinity of
membranes as their PVA composition increases has a significant impact on membrane
performance. The degree of crystallinity is correlated with enhanced membrane selectivity. This
property is derived from the ordered structure of the polymer chains, which enables the
membrane to separate molecules passing through it with greater precision. Furthermore, these
highly crystalline membranes are more stable, as they do not rely on traditional cross-linking
points that can be susceptible to degradation when exposed to harsh chemicals such as
acetaldehyde. The capacity to regulate crystallinity by varying the type of copolymer
incorporated into the membrane structure represents a valuable tool for controlling the final
structure and properties of the membrane. The incorporation of specific copolymers can inhibit
the formation of crystalline domains, resulting in a more amorphous membrane that may be
more permeable or suitable for applications requiring greater flexibility. This structural control
enables the design of customized membranes that meet the specific requirements of various
industrial applications by fine-tuning the balance between selectivity, permeability, and
mechanical and chemical stability. Hence, this part confirmed that through an appropriate
structured work on polymer synthesis and the corresponding characterizations, it is possible to
develop better and robust membranes. The major achievement has been the development of
membranes with improved selectivity, which have demonstrated remarkable stability in the
presence of acetaldehyde in long-term pervaporation tests. These membranes have been
specifically designed for use in second- and third generation bioethanol processes. The
successful fabrication of these prototypes under feasible production conditions represents a
crucial step towards the commercialization of these membranes. The research perspectives
opened by these results are promising. On the one hand, the possibility of fine-tuning the
composition and properties of copolymers encourages further investigation into the wide
variety of polymers and their effects on membrane performance. This approach could lead to

the development of optimal formulations for specific applications, increasing the efficiency and
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cost-effectiveness of separation processes. On the other hand, the demonstrated stability of
these membranes under real industrial conditions encourages the need for larger-scale (pilot)

tests.

In the last part, the successful synthesis of PVA-b-PS block copolymers, with specific
adaptation of the synthesis method to achieve high molecular weights, represents an important
step in membrane technologies. These copolymers demonstrate the potential of targeted
synthetic adjustments to optimize material properties for specific applications. In addition, the
ability to precisely control molecular weight opens possibilities for the manufacture of
innovative membranes in the field of separation and purification. This highlights the necessity
of continued research and development in this field. A particularly interesting feature of these
block copolymers is their insolubility in almost all common solvents, apart from hot DMSO.
This property endows the copolymers with remarkable solvent resistance, making them ideal
for applications where chemical resistance is crucial. Furthermore, the use of the solvent switch
technique has enabled the formation of micelles in water that are not only more affordable but
also more environmentally friendly compared to other organic solvents commonly used in
membrane fabrication processes. The formation of micelles from PVA-b-PS block copolymers
has facilitated not only the preparation of films for characterization but also the development
of nanostructured composite membranes. The presence of PS at the core of these micelles plays
an important role as cross-linking points, providing the membranes with an organized
nanostructure. The use of heat treatment was particularly effective, leading to an increase in the
crystalline phases in the membrane structure. This increase in crystallinity considerably
improved selectivity, an essential factor for more efficient separation processes. Remarkably,
this improvement in selectivity was achieved without compromising membrane flux, which
remained high. These results demonstrate that membranes can be effectively prepared using
exclusively block copolymer formulations, without the need for cross-linking agents or
catalysts. This approach marks a significant step forward towards the production of more robust
membranes, free from additives, through precise control of nanostructures formation. In
summary, these developments represent a considerable advancement in membrane technology,
offering promising prospects for industrial applications where material durability, efficiency,
and autonomy are paramount. Although these copolymers are still at the laboratory stage, with
complex and expensive synthesis methods, the perspectives for simplifying these methods and
reducing costs are promising. The future development of simpler synthesis methods could
enable a broader application of these copolymers in the field of membranes, where they could
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lead to a breakthrough in separation technologies thanks to their ability to combine high
performance, chemical stability and ease of manufacture.

Here are few points to be considered regarding further optimizations of membranes based on

amphiphilic block copolymers for bioethanol dehydration:

e Two blocks completely opposite, with totally different types of interactions available,
should be taken with caution. The high incompatibility of the two blocks is a great
advantage for the microphase separation that triggers self-assembly. In the case of
oligomers, or lower molecular weight diblock copolymers, the margin of operation is
still acceptable to dissolve the polymer. However, for membrane fabrication, higher
molecular weight is required in order to ensure appropriate film forming properties. This
brings major solubility issues, where the margin of operation mentioned before is now
drastically reduced. Hopefully, in our specific case DMSO was still able to dissolve the
polymer and self-assembly could be realized afterwards.

e The synthesis of PS-b-PVA involves two different CRP with end-group modification
steps in between. High end-group fidelity throughout the different steps is very
important to ensure optimal chain extension with the second block.

¢ In the literature, the synthesis of this BCP is not well established yet. In particular for
higher molecular weights. Some early studies suggested synthesizing separately PS and
PVAc. The two blocks can be combined at later stages and hydrolysis can be realized
to produce the PVA block.

e Recently, dithiocarbamate RAFT agents were proposed as compatible with both MAM
and LAM. Hence, it has potential interest for the synthesis of PS-b-PVA in fewer steps
with an easier procedure.

e The integration of hydrophobic segments with varying thermal and mechanical
properties, while maintaining PVA hydrophilic block could facilitate the customization
of membrane characteristics. The influence of different hydrophobic segments on the
overall membrane behavior can be crucial, affecting parameters such as permeability,
chemical resistance, and membrane stability under harsh conditions.

e The crystallinity of PVA, in combination with the hydrophobic and insoluble segments
of block copolymers, represents a fundamental aspect that should be used as a
foundational starting point for further innovations. It represents a promising alternative

to produce PVA-based membranes without the use of crosslinkers and catalysts in the
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formulation. Consequently, the membranes produced exhibit a simpler formulation that

no longer exhibits weak points towards impurities present in bioethanol streams.






7. Experimental

7.1. Materials

Chapter 3: For the pervaporation tests, commercial pervaporation membranes PERVAP™
4155-30 and PERVAP™ 4155-70 from DeltaMem AG, Switzerland were used.?* For the dense
film preparation, the P(VP-co-DMAEMA) and poly(vinyl alcohol) (PVA) were supplied by
DeltaMem AG. Polyvinylpyrrolidone (PVP) with average molecular weight of around 55 kDa,
methyl acetate (MeAc, 99%) and sodium hydroxide (NaOH, 90%, flakes) were purchased from
Sigma-Aldrich. PDMAEMA with a molecular weight of 98 kDa and hydrochloric acid (HClI,
37%) were obtained from Polymer Source Inc. and VWR, respectively. Deuterated chloroform
(CDCl3, D 99.8%) with 0.05 v/v % TMS was obtained from Cambridge Isotope Laboratories.
Distilled water was used for the experiments, unless stated otherwise.

Chapter 4: N-Vinylpyrrolidone (NVP, >99%, Aldrich) and N-Vinylimidazole (NVIm, >99%,
Aldrich) were distilled under reduced pressure at 92 °C and 72 °C, respectively, and stored
under nitrogen until used. 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%, Aldrich)
was purified by passing through a column of activated basic alumina (Aldrich) to remove the
inhibitor and kept under nitrogen. 2,2'-Azobis(2-methylpropionitrile) (AIBN, >98%, Aldrich)
was recrystallized from methanol before use. Toluene (Acros Organics, extra dry) and
petroleum ether (technical grade, Biosolve) were used without further purification. Deuterated
chloroform (CDClz, D 99.8%) with 0.05v/v % TMS and deuterated dimethyl sulfoxide

(DMSO-ds) were obtained from Cambridge Isotope Laboratories.

For the preparation of membranes and pervaporation experiments, distilled water was used.
PVA solution ready for casting, PAN porous support, ethanol, isopropanol (technical grade)
and commercial pervaporation membranes (PERVAP™ 4155-80) were supplied by DeltaMem
AG.

Chapter 5: Styrene (Sty, > 99%, Aldrich) and vinyl acetate (VAc, > 99%, Aldrich) were purified
by passing through columns of basic aluminium oxide (Aldrich) and neutral aluminium oxide
(Aldrich), respectively, to remove inhibitors prior to use. 2,2’-Azobis(2-methylpropionitrile)
(AIBN, > 98%, Aldrich) was recrystallized from methanol before use. Anisole (99%, Aldrich),
benzyl bromide (98%, Aldrich), copper(ll) bromide (CuBrz, 99.99%, Aldrich), tin(ll) 2-
ethylhexanoate (Sn(EH)2, 92.5-100.0%, Aldrich), tris[2-(dimethylamino)ethyl]amine
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(MesTREN, 97%, Aldrich), sodium azide (NaNs, 99.5%, Aldrich), N,N-dimethylformamide
(DMF, extra dry, Acros Organics), potassium ethyl xanthogenate (96%, Aldrich), propargyl
bromide solution (80 wt.% in toluene, Aldrich), copper(l) bromide (CuBr, 99.99%, Aldrich),
tetrahydrofuran (THF, extra dry, Acros Organics), N,N,N' N’ N’-
pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich), potassium hydroxide (90%,
Aldrich), pentane (technical grade, Biosolve), methanol (technical grade, Biosolve), and diethyl
ether (technical grade, Biosolve) were used as received. Deuterated chloroform (CDCls, D
99.8%) with 0.05 v/v % TMS and deuterated dimethyl sulfoxide (DMSO-ds) were obtained

from Cambridge Isotope Laboratories.

For the preparation of membranes and pervaporation experiments, distilled water and dimethyl
sulfoxide (= 99.9%, Aldrich) were used. Poly(acrylonitrile) (PAN) porous support, ethanol
(technical grade) and commercial pervaporation membranes (PERVAP™ 4100) were supplied
by DeltaMem AG.

7.2. Characterization techniques

7.2.1. Nuclear magnetic resonance (NMR) spectroscopy

The chemical structure of the synthesized copolymers was evaluated by proton nuclear
magnetic resonance (*H NMR) spectroscopy. All spectra were recorded at RT using a Bruker
Ascend 500 spectrometer operated at 500 MHz for *H nucleus. Deuterated chloroform (CDCls)
was used for P(NVP-co-DMAEMA) copolymers, PS macro precursors and PS-b-PVAc.
Deuterated dimethyl sulfoxide (DMSO-ds) was used for P(NVP-co-NVIm) copolymers and PS-
b-PVA. All the (block) copolymers were dissolved at RT. Chemical shifts (8) are reported in
ppm and quoted in respect to tetramethylsilane (TMS, & 0.00 ppm) used as internal reference
for tH NMR. The collected spectra were analyzed by MestReNova (v12.0) (Mestrelab Research
S.L).

7.2.2. GPC

Gel permeation chromatography (GPC) traces were analyzed and recorded in WinGPC
Unichrom software (v 8.33 build 9050, PSS polymer, Germany). Traces of the copolymers were
recorded using an Agilent based system composed of a 1100 series pump and an autosampler.
The GPC system was equipped with a series of linear-S SDV columns (precolumn (5 cm), three

analytical columns (30 cm) all with 5 pm particles sizes. All the columns have a diameter of
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0.8 cm, PSS polymer, Germany) and a refractive index detector (R1) (1260 Infinity I1). When
N,N-Dimethylformamide (DMF) was used as the eluent (flow rate of 1 ml.min™, the RI
detector was kept at 45 °C and the columns were kept at 60°C and when CHCl3, stabilized with
EtOH, was used as the eluent (flow rate of 1 mL.min™?) the RI detector and the columns were

kept at 35 °C. The system was calibrated with narrowly distributed polystyrene standards.

7.2.3. Attenuated total reflection—Fourier transform infrared (ATR-FTIR)

Background corrected ATR-FTIR were also used for chemical structure analysis of the (block)
copolymers. The spectra were recorded on a Bruker spectrophotometer or on a PerkinElmer
UATR Two spectrophotometer in the range of 4000-400 cm™™.

7.2.4. Thermogravimetric analysis (TGA)

TGA was performed on a TGA5500 (TA Instruments) instrument under constant nitrogen flow
and coupled to a MKII mass spectrometer, . After weight stabilization, the temperature was
equilibrated at 30 °C before heating at a rate of 10 °C/min to 550 °C and cooled down to ambient

temperature.

7.2.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out on a DSC 214 Polyma (Netzsch). The data analysis was
performed by Netzsch Proteus Software. During the second heating, the inflection points of the
specific heat increase in the transition region were reported as the glass transition temperature

(To).

Chapter 4: All samples were first annealed at 250 °C under nitrogen to remove the effect of
thermal history. Subsequently, the samples were cooled to 0°C, and then a heating/cooling cycle
with a rate of 10 K.min! was applied for all the scans. The Fox equation was used to predict

the glass transition temperature as follows,

Tg.mix Tg.i 9,

where Tgmix, Tg,i and Tq;j correspond to the glass transition temperatures of the copolymer and

the respective homopolymers, whereas wi and wj are the weight fractions.

Chapter 5: For the block copolymer thermal properties analysis, all samples were first annealed

at 180 °C under nitrogen to remove the effect of thermal history. Subsequently, the samples
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were cooled to 0 °C, and then a heating/cooling cycle with a rate of 10 K.min* was applied for
all the scans. For the freestanding dense films prepared for the pervaporation tests, one single

heating/cooling cycle with a rate of 10 K.min was applied.

7.2.6. Swelling measurements

The membrane swelling measurements were performed on free-standing dense films prepared
in the laboratory. The solvent uptake ratios of the dense film were determined gravimetrically
in the corresponding mixture. Dried films were used and placed in the selected solvent mixture
at room temperature and then left to swell until constant weight. The samples were removed
from the mixture between times, wiped with a filter paper and weighed, and placed back into
the mixture until the equilibrium swelling ratios is obtained. Three parallel measurements were

carried out for each sample and average values as well as standard deviation were calculated.

w, — W,
ESR(%) = (SW—d) x 100 (10)
d

where Ws and Wy are the masses of the swollen and dried films, respectively.

7.2.7. Static contact angle (CA)

The static CA was measured for the dense films and the composite membranes with a CA
goniometer, CAM 100 (LOT quantum design), based on a CDD camera with 50 mm optics.
Droplets of ultrapure water were placed on the sample surface with a micro syringe, and the
CA was automatically recorded and analyzed by the instrument software by fitting the
experimental curve with the Young-Laplace equation. The drop volume (2 pL) was kept
constant for all measurements. The average values as well as standard deviation were reported

based on at least four measurements taken at different location of the surface.

7.2.8. Scanning electron microscopy (SEM)

The thickness of the selective layer in composite membranes was confirmed by SEM images,
which were acquired using a Hitachi S-4800 SEM (Hitachi High-Technologies Corporation,
Japan) with a cold field-emission electron source. Electrically conducting surfaces were

achieved by sputtering the surface with a gold layer of 5 nm thickness.
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7.2.9. Dynamic light scattering (DLS)

The hydrodynamic diameter (Dn) of the self-assembled micelle nanostructures (15 mg mL™)
was measured with a Zetasizer Nano ZSP (Malvern Instruments). Each measurement was taken

at 20 °C, after an equilibration time of 300 s with a backscattering angle of 173°.

7.2.10.  Transmission electron microscopy (TEM)

The PS-b-PVA self-assembled micelles were imaged by TEM. The nanostructures micelles in
water (0.1 mg mL1) were adsorbed a on glow-discharged carbon copper grid and negatively
stained with 2% aqueous uranyl acetate. Micrographs were recorded with a Philips CM100
microscope at an accelerating voltage of 80 kV.

7.2.11. Karl-Fischer titration

During pervaporation tests, the water concentration in the feed/retentate samples was
determined by coulometer Karl Fischer titration (737 KF Coulometer, Metrohm or 917

Coulometer, Metrohm).

7.2.12.  Gas chromatography (GC)

The compositions of permeates were measured by using an Agilent 6890 gas chromatography

equipped with a thermal conductivity detector and HP-PLOT Q column.

7.3.  Synthetic procedures

7.3.1. Synthesis of P(NVP-co-DMAEMA) and P(NVP-co-NVIm)

The copolymerization of NVP with DMAEMA or NVIm were carried out in a flask with
toluene as reaction medium and AIBN as initiator.”* Typically, the initial monomer mixture
([M]mixtwre = 1.7 mol.L ™) and AIBN (M:1 = 100:1) were first dissolved in toluene. Then, the
reaction mixture was purged with nitrogen, and then immediately sealed. The polymerization
was promoted by placing the flask in a preheated oil bath (65 °C) and kept under constant
magnetic stirring. After 22 h, the polymerization process was stopped by cooling down the flask
to room temperature (RT) in an ice-cold water bath and opening to the atmosphere. The purified
copolymer was obtained by three successive precipitations into cold petroleum ether and

subsequent drying in a vacuum oven at 40°C until constant weight.
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7.3.2. Synthesis of PS-b-PVA

The block copolymers were synthesized according to a previously described procedure with

modifications in order to obtain the desired properties.?*

A representative synthetic protocol is described below with optimized conditions for the
preparation of PS-b-PVA with 87% hydrophilic ratio (PVA-87).

Synthesis of polystyrene macro precursor

Benzyl bromide solution in anisole (0.043 mol.L?, 40.21 mL, 1.72 mmol, 1 eg.) and tin"" 2-
ethylhexanoate solution in anisole (Sn(EH)2, 0.086 mol.L™, 41.16 mL, 3.44 mmol, 2 eq.) were
separately purged with argon for 90 min. In a Schlenk flask, equipped with a stirring bar, styrene
(100 mL, 859 mmol, 500 eq.), copper(ll) bromide (CuBr2, 38 mg, 0.172 mmol, 0.1 eq.), and
tris[2-(dimethylamino)ethyl]lamine (MesTREN, 40 uL, 0.172 mmol, 0.1 eq.) were dissolved in
anisole (20 mL) and purged with argon for 90 min. The initiator and reducing agent solutions
were transferred to the Schlenk flask via a cannula. The polymerization was carried out in
thermostated oil-bath at 90 °C for 2.5 h. Then, the flask was cooled to room temperature in an
ice-cold water bath and the reaction was stopped by exposure to the air. The copper catalyst
was removed by passing the solution over a column of neutral alumina oxide. The polymer was
precipitated into cold methanol. The polymer was filtered and dried under vacuum at room
temperature (white powder). *H NMR (500 MHz, CDCls, 295 K, &, ppm): 7.24-6.30 (m, 5H, —
CH2—CH(CeHs)-), 4.59-4.35 (m, 1H, —CH>-CH(CeHs)-Br), 2.13-1.68 (m, 1H, —CHx—
CH(CesHs)-), 1.65-1.24 (m, 2H, -CH>—CH(CgHs)-).

Synthesis of PS-N3

PS-Br, 11 g, 1.1 mmol, 1 eq.) was dissolved in 50 mL of DMF in a round-bottom flask. Sodium
azide (NaNs, 3.97 g, 60 mmol, 50 eq.) was added to the solution. The reaction was stirred
overnight at room temperature. The reaction was poured into 500 mL of water and the polymer
was filtered and dried under vacuum (white powder). *H NMR (500 MHz, CDCls, 295 K, 3,
ppm): 7.24-6.30 (m, 5H, —-CH>—CH(CsHs)-), 4.04-3.83 (m, 1H, -CH>—CH(CgHs)-Ns), 2.13—
1.68 (m, 1H, -CH>—CH(CsHs)-), 1.65-1.24 (m, 2H, —-CH>—CH(CsHs)-).

Synthesis of PS-CTA

O-Ethyl S-(prop-2-yn-1-yl) carbonodithioate was synthesized according to literature
procedures.}’* PS-N3 (10 g, 1 mmol, 1 eq.), O-Ethyl S-(prop-2-yn-1-yl) carbonodithioate (0.33
mL, 2 mmol, 2 eq.), PMDETA (0.383 mL, 2 mmol, 2 eq.) were dissolved in THF (104 mL).
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The mixture was purged with argon for 90 min and subsequently copper(l) bromide (CuBr, 0.26
g, 2 mmol, 2 eq.) was added to the mixture under argon atmosphere. The reaction was stirred
overnight at RT. The copper catalyst was removed by passing the solution over a column of
neutral alumina oxide. The purified polymer was obtained by successive precipitations into
methanol. The polymer was filtered and dried under vacuum (yellowish powder). *H NMR (500
MHz, CDCls, 295K, 8, ppm): 7.24-6.30 (m, 5H, -CH>—CH(CsHs)-), 5.10-4.90 (m, 1H, -CH>—
CH(CesHs)—triazole ring), 4.72-4.59 (2H, -CH2>—S-), 4.54-4.32 (2H, -O—CH), 1.65-1.24 (m,
2H, —CH>—CH(C¢Hs)-).

Synthesis of PS-b-PVAc

In a dried and nitrogen purged polymerization Schlenk-flask, vinyl acetate (VAc, 65 mL, 0.682
mmol, 3000 eq.), PS-CTA (2.5 g, 0.23 mmol, 1 eq.), azobisisobutyronitrile solution in THF
(AIBN, 0.05 mol.L?, 0.57 mL, 0.028 mmol, 0.125 eq.) and THF (16.9 mL) were added. After
purging with nitrogen by cooling the flask in an ice bath, the tube was backfilled with argon,
sealed, placed in an oil bath at 70 °C and removed after 17 h. The tube was subsequently cooled
with liquid nitrogen to cease the reaction. The reaction mixture was diluted with THF and
subsequently precipitated into 500 mL of methanol/water (1 : 1, v/v). The polymer was filtrated
and dried overnight under vacuum (white powder). *H NMR (500 MHz, CDCls, 295 K, §, ppm):
7.24-6.30 (m, 5H, -CH>-CH(CsHs)-)), 5.10-4.90 (1H, -CH>—CH(O-C(CH3)=0)-), 2.10-2.00
(3H, aliphatic protons of PVAC), 1.65-1.24 (m, 2H, -CH>—CH(CeHs)-).

Synthesis of PS-b-PVA

The block polymer (PS-b-PVAc, 136 kDa, 29 g, 2 mmol, 1 eq.) was dissolved in 215 mL of
THF. Potassium hydroxide solution in methanol (1.78 mol.L%, 18 mmol) was prepared and 144
mL were added to the polymer solution (THF/MeOH, 1.5:1, v/v). The obtained mixture was
stirred at room temperature for 4 h. The precipitated product was filtrated, washed with
methanol and dried under vacuum a white powder. *H NMR (500 MHz, DMSO-ds, 295 K, &,
ppm): 7.24-6.30 (m, 5H, -CH>—CH(CsHs)-), 4.68-4.24(3H, —-CH>—CH(OH), 3.84 (1H, -CH>—
CH(OH)-), 1.65-1.24 (aliphatic protons of PVA and PS).

7.4. Dense film and composite membranes preparation

Chapter 3: For copolymer characterization, freestanding dense films from P(VP-co-
DMAEMA) were prepared in Teflon molds by solution casting (5.0 wt.% aqueous solutions).

The drying of the films was performed in two steps: first the solvent was slowly evaporated
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(two days) under atmospheric pressure at room temperature, and then, the drying is completed
at 40 °C under vacuum (400 mbar) for one day. For the membrane characterization, free-
standing dense films from PVA and P(VP-co-DMAEMA) were obtained by casting on Teflon
sheets. Polymer solutions with the same composition as the commercial composite membranes
(PERVAP™ 4155-30 and 4155-70) were used. The wet film thickness was adjusted with a

knife blade to 500 um. The procedure of drying and crosslinking is described elsewhere.3?°

Chapter 4: The solutions (5 wt.%) containing the copolymers were prepared in water. Then, the
respective solutions of copolymer and PVA solution provided by DeltaMem AG were mixed
to obtain the desired PVA/copolymer blend ratio. All solutions were stirred overnight at RT to
ensure homogeneity. Two sets of PVA/copolymer blends were prepared, with the mass ratio of
80:20 and 95:5, respectively.

Several dense films from each blend (different PVA/copolymer ratios) were prepared by
solution casting on Teflon plates, dried and cross-linked at 145 °C in an oven,? 2 and then
detached from the support as freestanding films. The obtained films were transparent and had

thicknesses between 20 and 60 pm.

Composite membranes were also prepared by solution casting, but this time on a PAN porous
support, using a micrometer-adjustable film applicator (film casting doctor blade 180 mm
width) with a casting thickness adjusted to 150 um. After the casting, the membrane was dried
and cross-linked in an oven at 145 °C.22 After the complete drying, membrane samples were
cut as disc shapes with an area of 3.8 x 10~° m?. Each membrane was controlled with a nitrogen

flow meter to spot the presence of defects before and after the pervaporation experiments.

Chapter 5: Casting solutions (3 wt.% copolymer) were prepared by stirring the copolymers
(powder) in DMSO overnight (flask immersed in an oil bath at 70 °C). The thick dense films
were prepared by casting the homogeneous solution on poly(ether-ether-ketone) (PEEK) plates
by using a micrometer-adjustable film applicator (doctor blade 100 mm width, EQ-Se-KTQ-
100, MTI Corporation, USA). The gap of doctor blade was adjusted to 200 um, and the solvent
was evaporated at 70 °C for 90 min in a convection oven. Then, the freestanding dense films
were peeled off from PEEK plates and their thicknesses were measured using a micrometer

thickness gauge.

Thin film membranes were prepared from aqueous polymer solutions (dispersed micelles).
Water was added dropwise to the block copolymer solution obtained above; this process is
carried out to obtain a mixture of water/DMSO (80/20 wt.%/wt.%) to trigger the formation of


https://onlinelibrary.wiley.com/doi/10.1002/app.51562#app51562-bib-0026
https://onlinelibrary.wiley.com/doi/10.1002/app.51562#app51562-bib-0027
https://onlinelibrary.wiley.com/doi/10.1002/app.51562#app51562-bib-0013
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self-assembled micelles. After complete addition of water, DMSO was removed by dialysis
through a regenerated cellulose membrane (MWCO 8 kDa, RC6, Spectra Por, USA). The
resulting aqueous solution was then cast onto the microporous PAN substrate followed by
drying in the convection oven (145 °C and 6 min). Both thick dense films and thin film

membranes were cut (area = 3.8 x 10 m?) for the characterization.

7.5. Pervaporation

Chapter 3: The pervaporation tests are performed with binary MeAc/water mixtures, neutral
and containing 2 mmol/L of HCI and 2 mmol/L of NaOH, respectively. The setup includes two
pervaporation cells, which allows testing simultaneously two different types of membranes.
The effective membrane area in each cell is 3.8x10° m?. The mixture (V = 0.5 L) is filled into
a feed tank and recirculated by a pump with a feed flow parallel to the membrane surface. The
feed goes to the membrane cells, and then, the product from the cells is returned to the feed
tank as retentate. A heating system maintains constant the feed/retentate temperature at 85 °C.
In the permeate side, a vacuum of 10 mbar is maintained by a vacuum pump. Permeate samples
are collected in a cold trap with dry ice and ethanol mixture. For each measurement point, the
amount of permeate, time, as well as the feed/retentate samples are collected. As the water
concentration in the feed decreases over time, the water flux is smaller. Therefore, longer
collecting times were applied. Typically, the initial collecting time is 30 minutes, and the final

is two hours.

Chapter 4: The pervaporation tests were performed in a bench-top unit including six membrane
cells (each cell with an effective area of 3.8x107 m?), which allowed us the simultaneous testing
of different types of membranes. Binary ethanol/water mixtures (V = 2.5-3 L, with an initial
water concentration of 10 wt.%) were filled into the tank and recirculated by a pump with a
feed flow parallel to the membrane surface. The feed goes to the membrane cells and then, the
product from the cells is returned to the feed tank as retentate. A heating system maintains the
feed/retentate temperature of each cell at 95 °C. The pervaporation unit is kept at a pressure of
2 bar for the given temperature, which ensures keeping the binary mixture in liquid phase
according to the vapor-liquid equilibrium diagram (Figure 9-1). In the permeate side, a constant
vacuum of 10 mbar was maintained by a vacuum pump. The permeate samples were collected
in a trap cooled down with dry ice/ethanol mixture. For each measurement point, the time was
recorded while feed/retentate and permeate samples were collected. As the water concentration

in the feed decreases over time, the water flux is smaller. Therefore, longer collecting times
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were applied. Typically, the initial collecting time is 30 minutes, and the final is two hours.
Pervaporation long-term stability tests were continuously performed for more than 300 hours
under the same operating conditions. Pervaporation plant operations are simulated by carrying
out processes of shutdown and startup. The dehydrated solvent (batch) is replaced by a new
mixture (new batch). After several batches, the separation performance must remain unchanged
to confirm the stability of the membrane.

Chapter 5: The pervaporation tests were performed in a bench-top unit including two membrane
cells (each cell with an effective area of 3.8x107 m?), which allowed us the simultaneous testing
of different types of membranes. Binary ethanol/water mixtures (V = 0.5 L, 93/7, in weight
ratio) were filled into the tank and recirculated by a pump with a feed flow parallel to the
membrane surface. The feed goes to the membrane cells and then, the product from the cells is
returned to the feed tank as retentate. A heating system maintains the feed/retentate temperature
of each cell at 95 °C. The pervaporation unit is kept at a pressure of 2 bar for the given
temperature, which ensures keeping the binary mixture in liquid phase according to the vapor-
liquid equilibrium 2%, In the permeate side, a constant vacuum of 10 mbar was maintained by
a vacuum pump. The permeate samples were collected in a trap cooled down with dry
ice/ethanol mixture. For each measurement point, the time was recorded while feed/retentate
and permeate samples were collected. As the water concentration in the feed decreases over
time, the water flux is smaller. Therefore, longer collecting times were applied. Typically, the

initial collecting time is 30 minutes, and the final is two hours.

The separation performance of all membranes was evaluated based on the permeate

concentration (wt.%) and water permeate flux Ji (kg.m2.h™),

m;

Ji = Txt (11)

where mj is the amount of water in the permeate (kg), A is the effective membrane area (m?),
and t is the operating time (h) between sample collection.

When the produced membranes are composites, the thickness of the active layer is unknown.
Hence, permeability values cannot be reported, so partial fluxes are employed to determine
permeance values. Permeance allows describing the separation performance based on the

intrinsic properties of the fabricated membranes as follows, 3%

Pi) Ji
AR 12
<l x;yip;*t — y;pP (12)
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where (Pi/l), the ratio between membrane permeability Pi of component i and the membrane
thickness |, is called permeance, xi and y; are the mole fractions of component i in the feed and
in the permeate, respectively. ) is the activity coefficient of component i in the feed liquid
calculated by the UNIQUAC and NRTL theories for ethanol/water mixtures, respectively,'%
pi*® is the saturated vapor pressure of the component i in the feed (calculated using Antoine
equation) and pP is the permeate pressure. The permeance is expressed in GPU (1
GPU =1 x 107° cm® (STP)/(cm™2-s-cmHg)).

For dense films with known thicknesses, the permeability is used to evaluate the separation

performances.

The membrane selectivity «ij is defined as the ratio of the permeances of components i and j:

(/D
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Figure 9-1. Tx-y diagram describing the vapor liquid equilibrium (VLE) of a binary
ethanol/water mixture at 2 bar. The black curve represents the liquid-phase boundary (bubble
point) and the blue curve represents the vapor-phase boundary (dew point). The dashed red
line indicates the operating temperature applied during the pervaporation tests.
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Table 9-1: Mole fractions of NVP monomer in feed mixture (f1), mole fractions of NVP in final

copolymer (obtained by *H NMR) (F1) and molecular weight of synthesized copolymers

P(NVP-co-DMAEMA) and P(NVP-co-NVIm)

Sample f1 F1 Mw (g.mol?)
coPDMAEMA100 0 0 2514400
coPDMAEMAS80 0.20 0.11 412390
coPDMAEMAG60 0.40 0.35 458390
coPDMAEMA40 0.60 0.58 393410
coPDMAEMAZ20 0.80 0.80 157910
coPDMAEMAO 1 1 277780
coPNVIm100 0 0 287550
coPNVIm80 0.20 0.19 748110
coPNVImM60 0.40 0.39 468880
coPNVIm40 0.60 0.59 299400
coPNVIm20 0.80 0.76 235290
coPNVImMO 1 1 143820
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Figure 9-2. DSC thermogram (first heating scan, heating rate = 10 K.min) of the film made of
pure PVA.
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Figure 9-3. DSC thermograms (first heating scan, heating rate = 10 K.min) of the films made
of PVA/P(NVP-co-DMAEMA) blends (A) 95:5 and (B) 80:20.
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Figure 9-4. DSC thermograms (first heating scan, heating rate = 10 K.min) of the films made
of PVA/P(NVP-co-NVIm) blends (A) 95:5 and (B) 80:20.
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Figure 9-5. ATR-FTIR spectra obtained for the films made of PVA/P(NVP-co-DMAEMA)
blends (A) 95:5 and (B) 80:20 (scan number: 128, nominal resolution: 4 cm®).
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Figure 9-6. ATR-FTIR spectra obtained for the films made of PVA/P(NVP-co-NVIm) blends
(A) 95:5 and (B) 80:20 (scan number: 128, nominal resolution: 4 cm™).
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Table 9-2: List of the composite membranes prepared from blends of PVA and P(NVP-co-
DMAEMA) or P(NVP-co-NVIm) with two different ratios and the nitrogen flow measurements

before and after pervaporation tests (nitrogen flow <0.05 indicates samples free of defects).

Copolymer  Membrane PVA/copolymer (mass N2 flow (L.h')
ID ratio in percent)

Before  After

test test
- PVA 100:0 0.05 0.05
AA26 PVA/coPDMAEMA100 80:20 0.05 0.07
AA21 PVA/coPDMAEMAGO 0.05 0.05
AA23 PVA/coPDMAEMAZ20 0.05 0.05
AA25 PVA/coPDMAEMAO 0.05 0.05
CF66 PVA/coPNVImM100 0.05 0.35
CF61 PVA/coPNVImM60 0.05 0.05
CF63 PVA/coPNVIM20 0.05 0.05
CF65 PVA/coPNVIMO 0.05 0.15
AA26 PVA/coPDMAEMA100 95:5 0.05 0.05
AA21 PVA/coPDMAEMAG0 0.05 0.05
AA23 PVA/coPDMAEMAZ20 0.05 0.05
AA25 PVA/coPDMAEMAO 0.05 0.05
CF66 PVA/coPNVImM100 0.05 0.05
CF61 PVA/coPNVImM60 0.05 0.05
CF63 PVA/coPNVIM20 0.05 0.05

CF65 PVA/coPNVIMO 0.05 0.05
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Figure 9-7. Long-term stability test of the composite membrane from blend PVA/
coOPDMAEMA100 (ratio 95:5) for the dehydration of a simulated bioethanol stream containing
acetaldehyde up to 600ppm, at 95 °C, 2 bar in the feed side and 10 mbar in the permeate side.
The water flux and permeate concentration data are obtained at different time intervals while
operating continuously: 0-52 hours (black), 84-108 hours (blue), 180-212 hours (red) and 260-
268 hours (green). The trendlines for each set of data show negligible deviations.



141

Table 9-3: Summary of articles reporting copolymers of PVA and PS (including those as PVAc

instead of PV A because they can be hydrolyzed to obtain PVA).

Year  Copolymer (NMRI\QP GPC) PD PYQ{ES Reference

1960 PS-b-PVA 17'44(:33& PS n.a. 0.3-1.2 Die Macromolekulare Chemie 36 (1960) 93
1966  PVA-alt-PS n.a. n.a. 0.9-1.1 J Polym Scie B: Polym Letters 4 (1966) 187
1978 PVAC-PS 8-50 kDa 1351  02-0.3 J Polym Scie: Polym2C5:27em Edition 16 (1978)
1993  PS-b-PVAC PS: 9-16 kDa n.a. 0.3-1.2 J Appl Polym Scie 48 (1993) 425
1995 PS-g-PVA 22 kDa (PS) XX 0.9-10 Polymer 36 (1995) 4515

1997 PVAP'f/'ES'b' 515kDa  PS:15 0.05-0.3 3 Appl Polym Scie 63 (1997) 849
1998 PS-b-PVA 26-34 kDa >?2 1.3-4.0 J Polym Sci A: PolymChem 36 (1998) 109
1999 PVA-g-PS 8-23 kDa XX 1.4-23 Langmuir 15 (1999) 3197

1999  PVAc-b-PS 8-99 kDa 14-22 0.2-12 Macromolecules 32 (1999) 7023
2000 PVAc-b-PS 1.2-14 Macromol: Chem Phys 201 (2000) 1189
2002 PVA-b-PS 5-15 kDa 1.3-1.4 0.4-05 Macromol Res 10 (2002) 339

2003  PVA-PmAS 1,5-1,9 kDa 18-22 0.1-1.0 J Membr Scie 216 (2003) 107

2005 PVA-b-PS 5-7 kDa 1.2-15 3.0-1.0 Colloid Polym Scie 283 (2005) 946
2005 PVA-b-PS 20 kDa 1.3-1.3 0.2-0.2 Macromolecules 38 (2005) 9488
2005 PVA-b-PS 5-30 kDa 1.3-15 1.6-1.6 Polym J. 37 (2005) 841

2006 PVA-b-PS 12-45 kDa 1.1-1.2 05-4.0 Chemm Comm (2006) 5051

2006 PVA-b-PS 9-15 kDa XX 0.4-0.8 Macromol Res 14 (2006) 504

2007 PVA-b-PS 30-45 kDa 15-1.7 0.3-0.5 J Polym Sci A: PolymChem 45 (2007) 81
2008  PVAc-b-PS 1.25 Chemm Comm 42 (2008) 5336

2008 PVA-b-PS 2-5 kDa XX 0.7-2.5 Korean J Chem Eng 25 (2008) 1444
2008  PVAc-b-PS 12-72 kDa 1.4-15 Macromolecules 41 (2008) 7339
2010 PVA-b-PS 15-25 kDa 13-15 0.5-15 Macromolecules 43 (2010) 2184
2010 PVA-b-PS Polymer 51 (2010) 3083

2015  PVAc-b-PS Macromolecules 48 (2015) 6832

2017  PVAc-b-PS 31-64 kDa 1.3-15 Polym Chem 8 (2017) 5918

2018  PS-b-PVA 9-15 kDa 1.3-14 05-13 Polym Chem 9 (2018) 4243

2018 PS-b-PVA 43 kDa 14 10.0-10.1  J Polym Sci A: PolymChem 56 (2018) 2445
2018 PVA-b-PS 5-42 kDa 1.2 0.3-2.7 Polymer 139 (2018) 68

2022 PVA-g-PS 125 kDa PVA 65-330 Ind Eng Chem Res 61 (2022) 5797
2022 PVA-b-PS 5-15 kDa 2.0-26 0.2-0.6 Polymer source

2022 PVA-b-PS 5-94 kDa 1.5-2.0 0.1-0.6 Polymer source

Table 9-4: PS-Br homopolymers obtained with different formulations and PS-b-PVAc.

Sample Mn [g/mol] Conversion [%] PD
PSs7 5900 11 1.11
PS100 10400 20 1.08
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P557-b-PVAC225 25000 56 1.52

PSs7-b-PVACss; 32000 59 1.55

Table 9-5: Solubility test of copolymers in different solvents.

Sample Solvent Result
PVA-63, PVA-81 acetone insoluble
acetonitrile insoluble
(MeOH, EtOH and IPA) insoluble
CHCI3 insoluble
DMAc soluble (with heat)
dioxane insoluble
DMF insoluble
DMSO soluble
ethyl acetate insoluble
THF insoluble
toluene insoluble
water insoluble
PVA-68, PVA-79, PVA-87, acetone insoluble
PVA-92
acetonitrile insoluble

(MeOH, EtOH and IPA) insoluble
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Table 9-6: Crystallinity and melting point of PVA block in dense films.

Sample Crystallinity [%)] TPVA [°C]
PVA-68 39.3 230.3
PVA-79 10.5 217.7
PVA-87 20.3 222.0
PVA-92 24.6 223.8
PVA-100 50.6 231.0
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Figure 9-8. (a) and (b), kinetic study of PS synthesis by ARGET-ATRP (square data: according
to Altintas et al, circle data: reduced initiator and catalyst, triangle up data: increased reducing
agent x2, and triangle down data: increased reducing agent x4), and (c) and (d), polymer chain
extension by VAc polymerization via RAFT.
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Figure 9-9. 'H NMR spectra corresponding to PS-Br (a), PS-N3 (b), PS-CTA (c), PS-b-PVAc
(d) in CDCI3, and PS-b-PVA (e) copolymer in DMSO-d6 at room temperature (residual solvent

is marked with an asterisk.

Figure 9-10. Pictures of self-standing dense films prepared from (a) copolymers with low Mn

and (b) copolymers with high Mn.
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Figure 9-11. DSC thermograms (second heating scans, heating rate = 10 K min™) corresponding
to PS-b-PVAc (blue), and after hydrolysis to obtain PS-b-PVA (black).

Figure 9-12. Picture of self-assembled micelle solution obtained by switching the solvent (from

DMSO to water) by dialysis.
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Figure 9-13. Picture of the self-standing thin film obtained from the self-assembled micelle

solution (difficult to handle).
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Figure 9-14. DSC thermograms corresponding to PVA-87 film before and after thermal

annealing at 145 °C. As seen, the crystallinity of PVA block increases from 20.27% to 52.45%

(the bump after the melting of PVA in the sample before the annealing is due to the polymer

degradation, since the heating cycle reaches 250°C).
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Figure 9-15. SEM micrographs of thin film membrane on porous substrate, sample PVA-87.



