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Abstract 

The increasing demand for sustainable energy solutions has intensified the focus on 

bioethanol production as a renewable fuel alternative. However, the energy-intensive 

distillation process for water-alcohol separation remains a significant challenge in bioethanol 

purification. This study explores the development and characterization of thin-film composite 

membranes (TFCMs) for efficient water-alcohol separation, aiming to provide a more energy-

efficient alternative to traditional methods. 

The membranes were evaluated under varying conditions of temperature (20°C, 30°C, 40°C, 

and 50°C) for their performance in separating water from methanol, ethanol, and isopropanol. 

Results demonstrated that the permeance of water remained dominant at higher 

temperatures (40°C and 50°C), highlighting the membranes' suitability for selective water 

removal in bioethanol purification processes. In contrast, alcohols such as methanol and 

ethanol exhibited higher permeance at lower temperatures (20°C and 30°C), indicating the 

membranes’ tunable selectivity based on operating conditions. 

The study further revealed the time-dependent behavior of permeance, with alcohols 

experiencing a rapid decline in transport efficiency before stabilizing, while water maintained 

consistent performance over extended periods. This dynamic underscore the membranes' 

potential for long-term industrial applications with appropriate optimization. 

Overall, the developed membranes show promise for enhancing the efficiency of water-

alcohol separation, contributing to the advancement of energy-efficient bioethanol 

production technologies. Future research is recommended to explore mixed water-alcohol 

systems and investigate membrane stability under real-world conditions. 
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Symbols 

Symbols Description Units 

αi,j Selectivity [-] 

ε Porosity [%] 

∆f 
Difference in transience across 

the membrane 
[bar] 

∆Hcondensation Condensing heat [kJ/mol] 

∆Hmixing Mixing Heat [kJ/mol] 

∆Hs Heat of solution or sorption [kJ/mol] 

λ Medium free path [nm] 

μi Chemical potential [J/mol] 

Am Effective membrane area [m²] 

cf,i Concentration of i in the feed [mol/m³] 

cp,i 
Concentration of i in the 

permeate 
[mol/m³] 

Di Diffusion coefficient [m²/s] 

Di/Dj Diffusivity selectivity [-] 

dk Kinetic diameter [Å] 

ED Diffusion activation energy [kJ/mol] 

Ep Permeation activation energy [kJ/mol] 

ff,i Fugacity in feeding [bar] 

fp,i Fugacity in the permeate [bar] 

Ji Gas flow [m³(STP)/m²h] 
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l Membrane thickness [m] 

lp Pore length [m] 

Li Permeance [m³(STP)/m²h bar] 

Mw Molecular weight [g/mol] 

P0, S0 Pre-exponential factors [-] 

pc Critical pressure [bar] 

p0,i 
Pressure on the permeate side at 

the beginning of the 
measurement 

[bar] 

pf,i Feed pressure [bar] 

Pi Permeability coefficient [m³(STP)/m²h bar] 

pp(t),i 
Pressure on the permeate side at 

the end of measurement 
[bar] 

pp,i Permeate pressure [bar] 

r Pore radius [nm] 

R Ideal gas constant [m³bar/kmol K] 

Si/Sj Solubility coefficient [-] 

T Temperature [°C, K] 

Tc Critical temperature [K] 

t Measuring time [h] 

Vp Constant volume of permeate [m³] 

𝑽𝒑,𝒊̇ Permeate volumetric flow rate [m³(STP)/h] 

Yi 
Concentration of i in the 

permeate 
[% en vol.] 
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1.-Introduction 
We are currently living in strange times, world-wide instability, political tensions and a clear 

tendency towards the formation of a new multipolar global order. At the same time, we are 

experiencing big changes in our weather and climate, even with all our geopolitical or 

ideological differences, we all live in the same planet, so searching for sustainable solutions to 

transform our industry is still necessary to improve our environment and keep living in Earth, 

our home. 

This new world needs circular economy and scientific solutions for our problems, not only for 

the obvious reasons related to climate change and the transformation of industry, but also 

from a strategic point of view. In this state of tension and insecurity, global trade routes 

security can not be taken for granted, so most, if not all governments, will look inside their 

own borders to ensure the autonomous production of strategically important resources. 

This is the main focus of my master thesis, the production of industrial grade bioethanol for 

its use as biofuel or whatever industrial applications needed.1–6 

 

 

 

 

 

Figure 1: Bioethanol production plant. 
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1.1.-Bioethanol 

Bioethanol is an alcohol (specifically ethanol) produced from biomass, it is commonly used as 
a renewable energy source. Its primary and main component is ethanol (C₂H₅OH), a simple 
alcohol derived from the fermentation of carbohydrates in crops like sugarcane, corn, and 
wheat, or from cellulosic materials such as agricultural residues, wood chips, and grasses. The 
chemical process involves the conversion of sugars (C₆H₁₂O₆) by the fermentation done by 
certain microbes into ethanol and carbon dioxide (CO₂) in the presence of yeast or bacteria.  

 

Bioethanol production typically follows two main paths: first-generation and second-
generation processes. First-generation bioethanol utilizes food crops rich in sugar or starch. 
The starch is then hydrolyzed to glucose using enzymes, which after that is fermented by 
microorganisms to produce ethanol. Second-generation bioethanol, on the other hand, is 
produced from lignocellulosic biomass. This involves the pre-treatment of the biomass to 
break down complex polymers like for example cellulose and hemicellulose into fermentable 
sugars, followed by microbial fermentation. 

 

 

 

Figure 2: Commercial grade bioethanol for its consumer use as fuel. 

Figure 3: Circular model of bioethanol production and use. 
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The combustion of bioethanol for energy releases CO₂, which might seem contradictory as 
bioethanol is usually classified as a green source of energy. This can be explained because this 
CO₂ is offset by the carbon absorbed by plants during their growth, making it a more 
sustainable alternative to fossil fuels. Also, bioethanol combustion produces fewer particles 
and greenhouse gases compared to gasoline. However, the production and use of bioethanol 
also present challenges, including land use competition with food production in food-deprived 
regions, the energy-intensive nature of crop cultivation and processing, and the need for 
advanced technologies to efficiently convert the lignocellulosic biomass into bioethanol.7–15 

 

 

 

 

In the context of biofuel applications, bioethanol is often blended with gasoline to form 
ethanol-gasoline mixtures, such as E10 (10% ethanol, 90% gasoline) and E85 (85% ethanol, 
15% gasoline), enhancing the fuel's octane rating and reducing the gas vehicle emissions. 
Research in the field of bioethanol is ongoing, focusing on improving feedstock yield, 
fermentation efficiency, and developing robust microbial strains capable of processing a wide 
range of biomass types and resistant to inhibitory compounds formed during biomass 
pretreatment.  

In this master thesis, we took a hands-on approach to the production and purification of this 
important biofuel, looking into the development of polymeric membranes that could achieve 
the separation of alcohol-water mixtures for the purification and use of bioethanol. 

 

 

 

Figure 4: Some of the different resources used for bioethanol production. 
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1.2.-Polymeric membranes for bioethanol production 

In the realm of bioethanol production, the development of polymeric membranes marks a 
crucial leap forward, marrying cutting-edge materials science with renewable energy 
innovation. As bioethanol fuel continues to gain popularity as a sustainable alternative to fossil 
fuels, the efficiency and cost-effectiveness of its production processes are paramount. This is 
were polymeric membranes enter the scene, these are engineered barriers that can 
selectively separate components at the molecular level, completely revolutionizing the 
purification, dehydration and distillation stages of bioethanol production. 

These advanced membranes, crafted from sophisticated polymers, offer us unparalleled 
performance in terms of selectivity, permeability, and durability. They enable more efficient 
ways of separation of water from ethanol, significantly reducing energy consumption 
compared to traditional distillation methods. The integration of polymeric membranes in 
bioethanol production plants would not only enhances the overall yield and purity of the 
biofuel but also drive down the operational costs and the environmental impact of this 
industry as a whole. 

 

 

 

As we explore the state-of-the-art advancements in this field, we witness a confluence of 
interdisciplinary expertise, where chemistry, nanotechnology, and environmental science 
meet and converge. Some of the latest developments include the creation of hybrid 
membranes with nanoscale precision, bio-inspired materials that mimic natural separation 
processes, and smart membranes capable of adapting to varying process conditions. These 
innovations signal a new era in bioethanol production, positioning polymeric membranes at 
the forefront of sustainable energy technology and paving the way for a cleaner, greener 
future.16–26 

 

 

Figure 5: Schematic representation of an ethanol-selective membrane. 
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1.3.-Objectives 

The main objectives that we wanted to achieve were the following: 

 -To avoid the distillation phase in the production of bioethanol thanks to a membrane 

separation, this way, we could obtain the bioethanol cheaper and with a lower energy 

consumption. 

- To obtain some structure-property relationships for the Water/Alcohol separation, especially 

for Water/Ethanol. 

 

 

 

 

 

 

 

 

1.4.-Structure of this Master Thesis 

In the first part of this Master Thesis, the intention is to give an introductory background of 
the current problems related with our study, as well as to give clear motivations and objectives 
for the research done. 

Secondly, we will learn about the theoretical background that is needed to understand the 
main topics studied in this work, the state of the art of bioethanol production, the economic 
and environmental relevance of bioethanol in the whole world and an overlook of the way 
Thin Film Composite Membranes (TFCMs) work. 

Thridly, we will take a look into the materials and experimental processes used to produce 
and characterize the films and membranes that were used for our experiments. 

Lastly, we include the detailed presentation and discussion of all relevant results obtained 
during the experimental work, followed by an in-depth analysis of the experiments and the 
conclusions we arrived at. 
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2.-Bioethanol state of the art  

2.1.-Production of bioethanol 

In the year 2023 global bioethanol production was estimated to be around 110 billion liters, 

the main actors in world stage of bioethanol production would be the United States of 

America, with around 54% of global production and Brazil, controlling more than 30% of the 

global output. Other relevant productors would be the European Union, with Spain leading 

the production of bioethanol in Europe, and of course, the big asian giants, China and India. 

The feedstocks used to produce bioethanol are mainly corn in the USA and Spain and 

sugarcane in Brazil, signaling the importance of self-grown national agriculture inside this 

industry. 

 

 

 

 

There have been some recent technological advancements, especially in enzyme technology 

and genetically modified yeasts, these advancements have improved the efficiency conversion 

of lignocellulosic biomass into bioethanol, in some cases achieving yields of up to 40%. It is 

also important to point out that modern bioethanol plants have drastically reduced its energy 

consumption, with the energy use per gallon of ethanol produced dropping by over 50% in the 

last 20 years. 

 

 

 

 

 

 

Figure 6: World production of bioethanol. 
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Figure 7: Schematic of the industrial production of bioethanol. 
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2.2.-Uses of bioethanol 

As previously mentioned, the uses of bioethanol are diverse, but its most common use would 

be biofuel, blended with gasoline to achieve a reduction in greenhouse gas emissions, beyond 

its use as biofuel, its industrial applications are also relevant, for example in the production of 

industrial chemicals such as ethyl acetate, acetic acid or ethylene. 

 

2.3.-Environmental and economic impact of bioethanol 

One of the main advantages of the use of bioethanol is the up to 60% greenhouse gas 

emissions reduction when compared to conventional gasoline. Also, as bioethanol comes from 

plants (in the case of Spain mainly corn), it is considered a renewable energy source, helping 

to reduce the dependence on fossil fuels and ensuring energy security in the instable and 

chaotic world that we live in. 

Another big important advantage of bioethanol in the matter of environmental impact would 

be the use of agricultural residues and waste products from the food industry, this way 

bioethanol production helps in waste management and reduces considerably landfill use for 

the disposal of this waste. 

About the economic impact, we could talk about the creation of jobs. Currently, bioethanol 

industry supports hundreds of thousands of jobs in the whole world, from research, marketing 

and distribution to farming and in factory production. In the USA nowadays, the ethanol 

industry contributes around $40 billion annually, which constitutes around a 0,16% of its 

national GDP.27–35 
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2.4.-Bioethanol in Spain 

The role of Spain in the production of bioethanol is key within the European conditions. 

Through the management of different strategic investments in the research for new 

technology, supportive policies and the leveraging of its own agricultural resources, Spain has 

managed to contribute significantly to the European Union’s renewable energy objectives, 

while it has also fostered its own economic and environmental benefits. 

The bioethanol production capacity of Spain is estimated to be around 500-600 million liters 

per year, with Abengoa Bioenergy being the largest player in the national market, with 

ownership of both “Biocarburantes de Castilla y Leon” (200 million liters/year) and 

“Ecocarburantes Españoles” (150 million liters/year).  

 

 

 

 

Bioethanol production plants in Spain use both direct agricultural feedstocks and industrial 

by-products. These primary feedstocks used for bioethanol production in Spain would be 

cereals, representing approximately 60-70% of the industry (mainly corn with around a 50% 

of the total feedstock use and wheat, with 10-20%). 

Another notable mention would be sugar beets, which represent between 15-20% of the total 

production, this is mainly because of Spain’s historical and ongoing cultivation of sugar beets, 

this crop’s high sugar content makes it a great feedstock for bioethanol production. 

In the matter of policy and regulations, bioethanol production has been greatly favored, 

because as it was previously mentioned, it is a renewable energy source, there has been 

policies that encourage the production and use of bioethanol, as well as subsidies and tax 

incentives for its industry, this favourable situation has contributed to the development of the 

bioethanol industry inside Spain. 

The main challenges bioethanol production faces currently are important nevertheless, such 

as for example, the need to ensure a sustainable and consistent supply of the feedstocks in a 

Figure 8: Overview of the bioethanol market. 
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country where agricultural production is in decline, economic viability is also important, as the 

direct competitors of bioethanol are fossil fuels, which offer a low-cost alternative. 

Developing efficient technologies for second-generation bioethanol production is also one of 

the big challenges of industry. 

Having already discussed the big feedstock availability in Spain, the benefits its use has for the 

environment and strategic relevance, as well as the economic viability, it is our job as chemists 

and researchers to look into developing new technologies and methods of making bioethanol 

production cheaper and more accessible.36–42 

 

 

 

2.5.-Fermentation broth 

During the first stages of this master thesis a big question arises in relation to the fermentation 

broth, as its components can be different depending on the feedstock used, in this chapter we 

will give a broad picture of the primary components of the fermentation broth. 

The importance of the fermentation broth in bioethanol production is key because it directly 

affects the efficiency and yield of the process, as well as being a determining factor in the 

aging of whatever polymeric membrane we are trying to develop. 

 

 

 

 

The fermentation broth is a complex mixture with several different components that either 

facilitate or result from the fermentation of the sugars into ethanol, the primary components 

typically found in a fermentation broth would be the following: 

Figure 9: Schematic of the different generations of bioethanol. 



17 
 

-Water: This is of course the main solvent in the broth, it facilitates the dissolution and 

transport of substrates and nutrients. 

-Sugars: Glucose, fructose and sucrose are the main fermentable sugars that come from the 

different feedstock that is used in each case, other monosaccharides such as xylose or 

arabinose can also be present depending on the feedstock (especially in the one that comes 

from lignocellulosic biomass) 

-Microorganisms: Yeasts such as Saccharomyces cerevisiae are the primary fermenting agents 

that convert sugars into both ethanol and carbon dioxide. In some cases we can also find lactic 

acid bacteria or acetic acid bacteria, either as undesired contaminants or as part of a co-

fermentation strategy in conjunction with the yeasts. 

-Ethanol: Obviously this is the main product of the fermentation process, and can also appear 

in the fermentation broth coming from an early fermentation. 

-Carbon dioxide: A by-product of fermentation, it is typically released as gas, as it has no 

further use in the industrial process that we are interested in. 

-Organic acids: Different organic acids such as acetic acid, lactic acid and others can be by-

products of the fermentation or a result from microbial contamination. It is also worth 

mentioning that formic acid and butyric acid can also be found depending on the feedstock 

origin and its contamination. 

-Protein and enzymes: Yeast derived proteins that are released from yeast cells during 

fermentation and exogenous enzymes (cellulases and amylases for example) that are added 

with the goal of breaking down complex carbohydrates into fermentable sugars, especially 

used in lignocellulosic bioethanol production 

-Nutrients: In the fermentation broth we can find nitrogen sources such as sulfate, urea and 

other nitrogenous compounds that help support yeast growth. There are also minerals such 

as magnesium, potassium, phosphorus and even trace elements like zinc and iron. 

-Metabolic by-products: Glycerol, fusel alcohols and aldehydes and cetones my form in the 

fermentation broth in small quantities. 

-Feedstock residues: Soluble fibers and non-fermentable sugars are some of the residual 

components of the feedstock that will not be converted into ethanol. In the case of 

lignocellulosic feedstocks, we can also find lignin present after the pre-treatment and the 

enzymatic hydrolysis steps. 

-pH adjusting agents: Optimal pH for yeast activity is around pH 4-5 so different acids or bases 

can be added to maintain this pH levels. 

-Antifoaming agents are also used to control the formation of foam during the fermentation 

process. 

As we have seen, the fermentation broth used for bioethanol production is a dynamic and 

complex mixture, which has been actively designed to optimize the conversion of sugars into 

ethanol. The exact composition can vary depending on the feedstock, the fermentation 
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process and different specific production conditions. Nevertheless, this overview of the 

fermentation broth has to be taken into account when it is time to scale any innovation in 

polymeric membrane development into the industrial production level.43–50 
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3.-Polymeric membranes state of the art 
Polymeric and Thin Film Composite Membranes (PM and TFCMs respectively) are gaining 

traction in crucial roles in the industry of bioethanol production, their lower energy 

requirements when compared to distillation make them great substitutes to distillation in the 

separation and purification stages of bioethanol. These advanced materials are designed and 

engineered to efficiently separate the bioethanol from the fermentation broth, this way the 

overall energy efficiency and sustainability for the bioethanol production process can be 

greatly improved and enhanced. 

In the case of my master thesis, I focused on the study of specifically the TFCMs case, as in the 

Helmholtz Zentrum Hereon I had a great array of resources at my disposition that allowed me 

to create this new TFCMs from different polymeric materials.51,52 

 

 

 

 

 

 

 

 

 

Figure 10: Thin Film Composite Membrane structure. 
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3.1.-Thin Film Composite Membranes 

Thin Film Composite Membranes can be defined as specialized structures that are widely used 

in separation processes, mainly reverse osmosis and nanofiltration. These TFCMs are 

characterized by their multi-layered structure, designed to enhance the separation process 

performance while at the same time maintaining a high permeability and mechanical strength. 

In this section of the master thesis we will give a detailed explanation about the structure, 

action mechanism, advantages and of course, applications for this innovative new kind of 

membranes.53,54 

 

 

3.1.1.-Structure 

TFCMs are composed of three main layers: 

-Support layer: This is typically made of a porous polymer such as polysulfone (PSU) or 

polyethersulfone (PES) and its main function is to provide a certain degree of mechanical 

strength and structural support to the membrane as a whole. Its porous nature ensures that 

it has minimal resistance to water flow while maintaining the structural integrity at the same 

time. 

-Intermediate layer: It is often made from a microporous layer of either the same or a 

different polymer as the support layer previously mentioned. As for function, it helps in 

smoothing out the surface of the support layer, providing a better foundation for the thin film 

layer that comes next. 

-Thin film layer: Its materials can vary greatly, but they are most commonly composed of a 

polyamide (PA) thin film. In our case we have used a few different polymers that will be 

detailed in another chapter of this master thesis. This thin film is the active layer that is 

responsible for the selective separation of the desired solutes, which in our case were alcohols 

(mainly ethanol) and water. This thin layer film is as its own name indicates, extremely thin, 

typically around the range of 100-200 nanometers, it is also dense, which allows it to 

selectively allow water molecules to pass through it while it rejects any other molecule or 

solute that we want to separate.55–58 
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3.1.2.-Mechanism of action 

The active thin layer is selectively permeable, this way only specific molecules can pass 

through it based on size and chemical affinity, in this way TFCMs work as a kind of 

physicochemical filter.  

TFCMs usually operate under a gradient of pressure, for example in reverse osmosis, where 

high pressure is applied to push water through the membrane, and in this way, leaving 

contaminants behind. 

There is also an important solution-diffusion mechanism to take into account, molecules 

dissolve into the active layer and then they diffuse across it. As an example, in the process of 

desalinization, water molecules dissolve into the thin layer and then diffuse across to the 

permeate side, while salts are rejected because of their inability to dissolve and diffuse 

through the specific polymer matrix prepared for this purpose. Thanks to this characteristic, 

we can calculate a permeation rate, which is controlled by the solubilty of the different 

molecules in the material of the membrane and their diffusivity. 

Following the example previously given, after the controlled filtering in the active thin 

polymeric layer, the purified water (or any molecule we desire) passes through the 

intermediate and support layer to exit the membrane, leaving any contaminant or other 

molecule of interest behind. In the case of our master thesis, the alcohol should stay behind, 

which would be then concentrated for further processing and achieving its use as biofuel.59–63 

 

 

3.1.3.-Advantages of TFCMs 

As we have already seen, TFCMs have a great variety of uses and applications, and its 

implementation in the world of industry can bring some great advantages, the TFCMs both 

high selectivity and permeability as well as its chemical resistance to a wide range of different 

chemical environments makes them great candidates for the optimization of processes in 

different industries.  

Another important advantage is their customization, TFCMs properties can be tailored 

according to the needs of the industrial process where we want to use them. We can modify 

with relative ease the chemistry of the monomers or the interfacial polymerization conditions, 

allowing for a great variety of wide range of applications, from water desalinization to 

purification of bioethanol in our case. 

In summary, TFCMs are highly engineered multi-layered structures that can leverage the 

benefits of a big spectrum of different materials to achieve efficient and selective seoaration 

in various applications. Their performance is primarily attributed to the different properties 

of the thin film layer depending on the polymer we are using.64–67 
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3.2.-PIMs  

PIM is the abbreviation for Polymers of Intrinsic Microporosity. These polymers represent a 

new unique class of polymers defined by their rigid and knotted molecular structures, this 

characteristic prevents the efficient packing of the polymer molecules, this way creating an 

intrinsic microporosity inside its structure. This material possesses high specific surface areas, 

most of the time higher than 750 m2/g and of course a considerable free volume, which allows 

them to be considered as a highly effective polymer for applications such as gas storage, gas 

separation and membrane technology. 

 

 

 

 

 

The intrinsic microporosity that PIMs have, comes from their specific molecular architecture, 

as they usually consist of bulky and rigid components that create a twisted and non-linear 

backbone. This structural characteristic is what avoids the packing of the chains in the solid 

state, which results in a highly porous material with voids interconnected with each other.  

This voids are of molecular dimensions, usually less than 2 nm. The high surface area provided 

by its structure, as well as the free volume provided by the pores is what makes them a great 

candidate for the development of membranes that allow for the separation of the alcohol-

water mixtures that we are studying in this master thesis.68–72 

 

 

Figure 11: PIM-1 and some variations based on the functional groups of the polymer. 
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Maybe the most well-known PIM is PIM-1, which we used consistently during the duration of 

this master thesis. In the next chapter, we will give an in-depth explanation of its synthesis 

and use for membrane formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: PIM-1 structure. 
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3.3.-Other relevant polymers 

Two other relevant polymers that were consistently used during the duration of my master 

thesis were 6FDA-6FpDA and Matrimid. Both polymers are polyimides (polymers 

characterized by the presence of imide linkages in their core) and are classified as high-

performance polymers, next, we will take a look into these polymers. 

-6FDA-6FpDA: This polymer has certain characteristics such as its great thermal stability (more 

than 300C without almost any degradation), high mechanical strength and of course, gas 

separation properties. Its chemical structure is composed of 2 different components: 

6FDA: This is a fluorinated dianhydride, which posess bulky and rigid structures and fluorine 

atoms integrated into the polymeric backbone. Its fluorine atoms content is what reduces the 

chain packing the chain packing of the polymer in solid state and helps enhance the free 

volume it has. 

6FpDA: This is the diamine component of the final 6FDA-6FpDA polymer, it further adds to the 

free volume and rigidity thanks to the bulky trifluoromethyl groups in its structure. 

 

 

 

 

 

-Matrimid: As previously mentioned, matrimid is a polyimide, the presence of both the imide 

links and aromatic rings gives this polymer the great characteristics it possess, including 

thermal stability, chemical resistance, mechanical strength and processability.73–77 

 

 

 

Figure 13: 6FDA-6FpDA structure. 

Figure 14: Matrimid structure. 
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4.-Materials and methods 
In this chapter I will give an in-depth analysis and commentary of the materials and methods 

used during the duration of my master thesis. As we have already stated, our main goal was 

to develop a polymeric membrane with the goal of separating alcohol-water mixtures for use 

in bioethanol production industry. 

To achieve this goal, we first had to structure our work path. 

Firstly, we had to synthetize the different polymers that we were going to use. Then we 

needed to form the films and TFCMs with the different polymeric solutions previously 

prepared. After the preparation of the desired films and TFCMs we proceeded with its analysis 

in Time-Lag and Pressure-Increase respectively. 

Here is a list of the different materials that we used during the master thesis: 

Polymer films: 

 PIM-1 

 Matrimid® 5218 

 6FDA-6FpDa 

TFCMs: 

 PIM-1 

 Matrimid/PIM-1 

 6FDA-6FpDA 

Penetrants in the Time-Lag: 

 Permanent gases 

 Water vapour 

 Methanol 

 Ethanol 

 2-Propanol 

Solvents for the polymeric solutions: 

 Tetrahydrofuran 

 Chloroform 
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4.1.-Synthesis of diverse polymers 

4.1.1.-PIM-1 Synthesis  

There are several methods for achieving a successful PIM-1 synthesis, but in this master thesis 

we will only discuss the two that were used for producing the PIM-1 that we used for our films 

and TFCMs. 

-High-Temperature Method: This method is an approach that facilitates the fast production of 

the polymer, as the name implies, it is characterized by higher temperatures, which cause 

shorter reaction times when it is compared to the Low-Temperature Method. 

First, we must prepare the monomers and solvent that we will use in the synthesis. For the 

monomers we use a biscatechol derivative with 2 catechol units (we will refer to it as 

monomer A1), the structure of this monomer is designed to make the formation of 

dibenzodioxin linkages during the polymerization process, the other monomer is a halide-

containing monomer, like bromide or iodide, this is activated by an electron-withdrawing 

substituent (for example a nitrile group), the presence of the halide is key for the nucleophilic 

substitution reaction that then leads to the formation of the final polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Biscatechol derivative (A1 monomer). 

Figure 16: Halide containing monomer (B1). 
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For the solvent we use dimethyl acetamide (DMAc), this solvent is specifically selected for its 

ability to dissolve both monomers and facilitate the polymerization process at high 

temperatures. 

Then, we mix both A1 and B1 monomers in equimolar quantities, ensuring a stoichiometric 

balance for a complete reaction. A base (Potassium carbonate) is also added into the mixture 

to facilitate the nucleophilic substitution reactions necessary for polymer formation. 

The reaction solution has to be subjected to stirring at a high speed, with a temperature of 

around 155 C. This temperature accelerates the kinetics of the reaction and allows for 

relatively quick polymerization (only about 8-10 minutes). 

The mechanism for this polymerization is via double-aromatic nucleophilic substitution 

mechanism in which the nucleophilic sites of the monomers react to form the dibenzodioxin 

linkage that we are looking for, thus forming the microporous polymeric structure that 

characterizes PIM-1. 

After the reaction we cool the mixture at room temperature and then it is precipitated by 

adding a non-solvent (water in our case). This way, we help isolate PIM-1 from the reaction 

mixture. At the end we wash the precipitated polymer with the same solvent used during the 

polymerization (DMAc), water and an alcohol such as methanol. 

-Low-Temperature Method: This is another well-established method for production of PIM-1, 

the process is almost exactly the same as for the High-Temperature Method, using both A1 

and B1 monomers, but in this case our solvent was dimethyl formamide (DMF), again, it is 

chosen for the same reasons for using DMAc in the High-Temperature Method (its ability to 

dissolve the monomers and facilitate the polymeriyation process). 

As in the High-Temperature Method, we mix and add a base (K2CO3), but the difference is 

that in this case the temperature of the mixture moves between 50-60C. This comparatively 

low temperature is crucial because it allows for controlled polymerization without causing 

degradation to any of the monomers or the final polymeric structure. 

The reaction time is 24-72 hours, an important point is that depending on the duration of the 

reaction it has been proved that the molecular weight of the final polymer changes. With 

longer reaction times generally leading to higher molecular weight polymers. 

As expected, the polymerization mechanism is the same as in the previously mentioned 

method. Its cooling, precipitation, filtration and washing is also the same as for the High-

Temperature Method 

As a short comparison between the two methods, we can say that the High-Temperature 

Method allows for a quick synthesis of high molecular weight PIM-1, efficient for large scale 

production, while the Low-Temperature Method allows for greater control over the properties 

of the polymer and a more uniform molecular weight distribution.78–80 
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4.1.2.-Matrimid synthesis 

The synthesis of the Matrimid polymer, a well-known high-performance polyimide, involves a 
multi-step chemical process that is designed to yield materials with great thermal stability, 
mechanical strength, and chemical resistance. Matrimid-5218, a well-known commercial 
polyimide, is usually synthesized through the reaction of benzophenone tetracarboxylic 
dianhydride (BTDA) with diamines such as diamino-methyl-phenylindane (DAPI). The first step 
in this synthesis involves the formation of polyamic acid, this acid is then cyclized into the 
imide form through either thermal or chemical imidization. 

 

 

 

 

 

 

 

Figure 17: BTDA structure. 

Figurer 18: DAPI structure. 
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For example, the direct fluorination of Matrimid-5218 allows for better control over the 
formation rate of the surface-fluorinated layer of the polymer, and in this way significantly 
altering its physicochemical properties such as the chemical composition, density, and 
transparency. This modification can enhance the polymer’s resistance to chemical and 
environmental degradation, thus making it suitable for different advanced applications, such 
as the case of study for our master thesis. 

Another study highlighted the homogeneous blending of Matrimid with Rhodeftal to improve 
its CO2/N2 separation performance. This approach not only enhanced the polymer’s 
plasticization resistance but also increased its selectivity, demonstrating the versatility of 
Matrimid in gas separation technology. This gave me the idea to make a Matrimid and PIM-1 
blend, to see if their characteristics and properties in relation to water-alcohol separation 
were improved. We will discuss this in depth in next chapters. 

Furthermore, the synthesis of Matrimid can be adapted for creating other great arrays of high-
performance polymers. One example would be the successful synthesis Matrimid using 1,3-
diamino-5-pentafluorosulfanylbenzene monomer, which resulted in the production of diverse 
polymers, including polyimides, a polyamide, and a cured epoxy crosslinked polymer. 

Its formation mechanism can be separated in a few different steps. First, there the primary 
amine groups from the DAPI act as nucleophiles and attack the carbonyl group of the 
anhydride groups in BTDA, this way the anhydride ring is opened and both an amide linkage 
and a carboxylate anion are formed. Given the high reactivity of this intermediate, it readily 
undergoes a reaction with another of the anhydride groups, forming polyamic acid. 

After this, the polyamic acid is subjected to the heating of the polymer, which causes that the 
carboxyl groups in the polyamic acid react with the adjacent amide groups, leading to the 
elimination of water molecules and to the formation of imide rings, in this way, the cyclation 
process transforms the polyamic acid into polyimide. 

 

 

Figure 19: Matrimid polymeric structure. 
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The final Matrimid polymer consists of repeating imide units, with the imide rings giving high 
thermal stability, chemical resistance and mechanical strength to the polymer. 

To sum up, the synthesis of Matrimid polymer involves careful selection of the monomers and 
controlled reaction conditions to achieve desired properties. These modifications and 
blending techniques expand its application potential in areas requiring robust and durable 
materials.81–83 

 

 

4.1.3-6FDA-6FpDA synthesis 

The synthesis of 6FDA-6FpDA polymer, a kind of polyimide, it typically involves the reaction of 
4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) with 2,2'-
bis(trifluoromethyl)benzidine (6FpDA), its two monomers. This process is significant for 
producing polymers with excellent thermal stability, great mechanical properties, and good 
chemical resistance, which are highly valued for its various high-performance applications, 
including the fields of aerospace and electronics, as well as obviously for the matter of our 
master thesis. 

The process begins with the preparation of the diamine, 6FpDA, followed by its 
polycondensation with 6FDA in a polar and aprotic solvent such as N,N-dimethylacetamide 
(DMAc) or N-methyl-2-pyrrolidone (NMP). The reaction is normally conducted under inert 
atmosphere conditions to avoid environmental moisture and water, which can interfere with 
the anhydride functionalities. The polyamic acid that is formed in this step is then 
subsequently subjected to a thermal or chemical imidization process, resulting in the 
formation of the final polyimide structure. This step involves the removal of water or other 
by-products and the formation of imide rings, which impart the polymer with its characteristic 
thermal and chemical stability. 

According to Zhang et al. (2019), novel synthetic strategies such as caprolactam hydrolysis 
polymerization combined with transesterification offer flexibility in designing prepolymers for 
various applications. Additionally, research by Im et al. (2011) highlights the enhanced 
properties of composite materials incorporating 6FDA-6FpDA polymers, particularly in terms 
of electrical conductivity and mechanical properties, which are crucial for advanced material 
application. 

In summary, the synthesis of the 6FDA-6FpDA polymer involves a precise control of reaction 
conditions and processing steps to achieve the high-performance material suitable for 
demanding applications we desire. The development of novel synthesis techniques continues 
to expand the potential uses and enhance the properties of these polyimides. 

In our case we used both the chemical and thermical imidization methods for our 6FDA-6FpDA 

synthesis, as we polymers with very similar characteristics, and for our film and TFCM 

formation we can use them indistinctively.84–86 
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4.2.-Membrane formation  

In order to check and characterize the polymers, we first need to form films and put them in 

the Time-Lag machine with a specific sequence to characterize them, after that, we can create 

TFCMs of our polymers and also go through their characterization using the Pressure-Increase 

machine. 

   

4.2.1.-Film formation 

The formation of the films for the different polymers that we used does not change a lot 

between the different polymers, so I will give a general path for the film formation and give 

the specifications needed for each polymer. 

First, we dissolve the synthesized polymer in a proper solvent, for both PIM-1 and Matrimid 

polymers we used chloroform and THF (tetrahydrofuran). For 6FDA-6FpDA, we only used THF. 

The solution we prepare should have around 3% polymer in weight. After preparing the 

solution, we put it for overnight stirring. Then, we use a metallic fiber filter for separating any 

particles that could remain in the solution, and we put the solution in a film cast (the width is 

not relevant, as later we will cut the film according to our needs). We then proceed with the 

slow evaporation of the solvent using N2, usually films are ready after 8-16 hours of slow 

evaporation. Lastly, we place the films in a vacuum oven with a turbomolecular pump for 

around 24 hours at 60C. Finally, our film is ready for characterization.87–90 

 

4.2.2.-TFCM formation 

As for the film formation, TFCM formation follows a similar path for all the TFCMs we formed, 

so we will use the same explanation procedure as for the film formation, only entering in the 

specifications for each polymer when we need to. 

Following the same procedure as in the film formation process, we prepare a solution in either 

chloroform or THF for the polymers or polymeric blends we are using, depending on the 

substrate solubility in THF or chloroform. For TFCMs, as we want a very thin film for the 

membrane, we just use a 1% weight concentration of the polymer in the solvent.  

Then, we stir it overnight and after that, we filter it by the same means as for the films and we 

use this solution to slowly coat the support layer, we used the same polymer as support layer 

for all our TFCMs. This polymer was polyacrylonitrile (PAN), which has some interesting 

characteristics for our purpose, for example it doesn’t degrade until it reaches around 300C, 

its insolubility in water and most organic solvents and also its high tensile strength and 

modulus makes it a great candidate for its use a TFCM support layer polymer. 

After the coating, we let the TFCM rest and dry at room temperature before taking it for 

characterization.91–95 
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4.3.-Characterization of films and membranes. 

Our objective with the characterization of these films and membranes is to check the 

diffusivity, permeability and solubility properties of our materials for certain gases, mainly 

alcohols and water. Even though my master thesis is mainly focused in bioethanol production, 

and we are mostly interested in the relation between ethanol and water mixtures, we decided 

to also add methanol and iso-propanol as permeants, to imitate to a certain degree the 

fermentation broth, where you can find a variety of different alcohols. 

For both the films and TFCMs, we used similar programming of the gases, so we could have 

some degree of reproducibility. 

The program we used for both running the Time-lag and the Pressure-increase machine was 

either exactly the following, or a very similar version of it adapted to a specific case (we will 

discuss this in the following sections of the master thesis).96–98 

 

Gas 
Permeate 

volume 
Counts of pressure 

increases 
Stop after first 

data set 
Filling up  pressure 

(mbar) 

Hydrogen FALSE 3 TRUE 700 

Carbondioxyde FALSE 3 FALSE 500 

Water TRUE 3 FALSE 500 

Hydrogen FALSE 3 TRUE 700 

METHANOL TRUE 3 FALSE 700 

Hydrogen FALSE 3 TRUE 700 

ETHANOL TRUE 3 FALSE 700 

Hydrogen FALSE 3 TRUE 700 

2_Propanol TRUE 3 FALSE 700 

Hydrogen FALSE 3 TRUE 700 
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4.3.1.-Time-Lag Method 

This method is a well-known and widely used characterizing technique for characterization of 

the transport properties of gases through polymeric films. It gives us valuable information 

about the permeability, diffusivity and solubility of diverse gases in the polymer. 

The main principle of the Time-lag method is the measurement of the time it takes for a gas 

to permeate through the polymeric film we introduce into the system. The analysis is based 

on Fick’s laws of diffusion and in this way, we can determine the diffusivity (D),the solubility 

(S) and the permeability (P) of any gas that we want to study in our polymer of interest. 

For the experimental setup, we place our polymeric film in a cell between two compartments, 

one is a high-pressure upstream side (we get the test gases from here) and the other one is a 

low-pressure downstream side (which is initially either evacuated or filled with an inert gas). 

 

 

 

 

The main advantage if this method is that it is non-destructive, so we can reuse our already 

tested films for further analysis, it also provides us with all the parameters mentioned before 

(diffusivity, solubility and permeability) simultaneously. Finally, it has a relatively simple 

experimental setup and data analysis, which makes it a great candidate for scientists like me, 

researching gas transport properties in polymeric films.99–103 

 

 

 

Figure 20: Time-Lag machine control panel. 
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4.3.2.-Pressure-Increase Method 

The Time-lag and Pressure-increase methods are both used to characterize the transport 
properties of gases through polymeric films and membranes, but they differ in their 
experimental setup, measurement principles, and data analysis. Here are the main principles 
of the Pressure Increase Method 

Experimental Setup: The Pressure-Increase Method involves a gas-permeation cell that 
consists of two compartments separated by the polymeric membrane we want to do research 
about. 

The two compartments are the following: 

-Feed side (upstream): This compartment is initially pressurized with the gas being tested on 
the membrane. 

-Permeate side (downstream): This compartment is usually under vacuum (our case) or at a 
much lower pressure. 

Gas flow: A single gas (or a mixture of a few gases) is allowed to flow across the membrane, 
this is achieved by the membrane allowing the gas to permeate thanks to a partial pressure 
gradient. 

 

 

 

Pressure Monitoring: The permeate side is completely sealed and connected to a highly 
precise and previously calibrated pressure sensor. As the gas permeates through the 
membrane, the pressure on the downstream side increases over time. As expected, this 
pressure rise is continuously recorded so that we can study the transport properties.104–108 

 

Figure 21: Water diffusion across a semipermeable membrane. 
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5.-Results and discussion 
This chapter presents and analyzes the experimental results obtained throughout the course 

of my Master Thesis. Following the systematic characterization of the synthesized polymeric 

materials and the formation of both films and thin-film composite membranes (TFCMs), the 

focus for this chapter lies in understanding the separation performance of these membranes 

in water-alcohol systems, with particular emphasis on their potential application in bioethanol 

purification processes. 

 

5.1.- Film results 

I created a good number of different polymeric films, mainly to test the endurance of the 

polymer without the support that provides the TFCM. 

Our main results for this chapter are the following: 

-It is possible to create a stable polymeric film composed of a 50/50 mix of Matrimid and PIM-

1, although it doesn’t show the separation properties we are interested in. 

-6FDA-6FpDA films break easily and are not stable for bioethanol separation in industrial 

applications. 

-PIM-1 films showed the best stability and separation properties, so this is the polymer we 

decided to continue using for our TFCM analysis. 

 

5.2.- TFCM results  

Using the Time-Lag method we characterized different TFCMs. 

Most of the TFCMs we designed showed some irregularities and problems while being 

characterized by this method, so we decided to discard them, nevertheless, the experience 

we acquired during this trial-and-error process was used for the development of our most 

interesting membrane. 

The results we will discuss in this section are related to one specially promising membrane, a 

1% weight PIM-1 dissolved in tetrahydrofuran (THF) with a surface of 0,97cm2 analyzed on 

5/08/2024. 

We followed the already defined procedure of characterization, this being the use of a 

sequence of different gases (water, methanol, ethanol and isopropanol) that flow through the 

membrane at an array of 4 different temperatures, starting from 50 degrees Celsius and 

ending in 20 degrees Celsius. 

After making some calculations using the Antoine´s coefficients of each gas, the feed pressure 

and the temperature we got the vapour activity for each temperature and we could create 

different graphs to analyze the important information obtained, specially permeance, vapour 

activity and time. 
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5.2.1.-Permeance vs vapor activity graphs 

In this chapter I will analyze the 8 graphs in which I compare permeance and vapor activity, to 

ease the read I divided this chapter into 2 main sections, one in which I will analyze the same 

gas flow at different temperatures and another in which I will analyze the gas flow of all the 

different gas flows but all at the same temperature. 

5.2.1.1.-Same gases at different temperatures 

 

The graph shows the relationship between vapor activity (in the x-axis) and permeance (in the 

y-axis) of water at different temperatures (20°C, 30°C, 40°C, and 50°C). This is an analysis of 

the results: 

General trend shown: 

At all temperatures, we observe a general increase in permeance as vapor activity also 

increases. This indicates that higher vapor activity may promote higher water permeance 

through the material or system being studied. 

Temperature dependence: 

At higher temperatures (as seen for the 50°C line), the permeance values are significantly 

higher compared to lower temperatures (20°C, 30°C, and 40°C). This suggests that 

temperature has a strong positive influence on permeance, most likely due to increased 

molecular activity and diffusion rates at those elevated temperatures. 

At 20°C and 30°C, the permeance values are much lower and closer in magnitude, indicating 

that at lower temperature ranges, the change in permeance with temperature might be less 

pronounced. 
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Shape of the Curves: 

The curves appear to show a non-linear relationship, particularly at higher temperatures like 

50°C. This could indicate us a transition where the permeance increases more rapidly as vapor 

activity approaches 1. This behavior might reflect the material's interaction with water vapor, 

such as swelling or aging of the membrane, this aging process can be discussed in more detail 

when we analyze the Permeance vs Time graphs. 

The curves at 20°C and 30°C show a more gradual increase, suggesting that the system is less 

sensitive to changes in vapor activity at these temperatures. 

Outlier Observation: 

At 50°C, the orange curve has a steep increase near vapor activity 1. This might represent a 

threshold effect or material saturation point where water permeance sharply increases. 

The clustering of data points at other temperatures around vapor activity 1 suggests that the 

permeance might plateau or stabilize for lower temperature ranges. 

Comparison Between Temperatures: 

The permeance at 40°C (blue curve) is intermediate between 30°C and 50°C, following a logical 

temperature progression. However, there is some overlap between the yellow (30°C) and blue 

(40°C) points near vapor activity 1, suggesting some potential variability or experimental 

uncertainty in that region. 

Key Insights: 

-Higher temperatures enhance water permeance significantly. 

-The relationship between vapor activity and permeance becomes more pronounced and non-

linear at elevated temperatures. 

-At low temperatures, permeance changes more uniformly, indicating a weaker dependence 

on vapor activity. 
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This second graph represents the relationship between vapor activity (in the x-axis) and 

permeance (in the y-axis) of methanol at various temperatures (20°C, 30°C, 40°C, and 50°C). 

For this second graph, as well as the remaining, I will use the same analysis procedure I used 

for the first graph. 

General Observations: 

The permeance of methanol strongly depends on the temperature and vapor activity. 

The permeance values are highest at 20°C (orange squares) compared to the higher 

temperatures, which is an unusual trend and indicates that methanol's behavior in this 

membrane differs from that of water shown in the earlier graph. 

Temperature Dependence: 

20°C: The permeance increases significantly with vapor activity, reaching values as high as 180 

at vapor activity ~1. This suggests that at lower temperatures, the material/system has a 

higher affinity for methanol or higher transport rates. 

30°C, 40°C, and 50°C: The permeance values are much lower, showing relatively limited 

sensitivity to changes in vapor activity compared to the 20°C curve. For instance: 

At 30°C (gray triangles), permeance increases gradually and plateaus at a lower level (~20). 

At 40°C (yellow crosses) and 50°C (blue dots), permeance values remain even lower, staying 

well below 20. 
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Non-linear Behavior: 

As seen in the graph, the curve for 20°C is highly non-linear, showing a steep rise at higher 

vapor activities, likely due to methanol saturation or enhanced interactions with the material 

at this temperature. 

For higher temperatures, the curves are much flatter and suggest that permeance might 

depend more on intrinsic material limitations than on vapor activity. 

Temperature Anomalies: 

The 20°C curve being significantly higher than the others indicates that methanol permeance 

does not follow the typical behavior of increasing permeance with rising temperature. This 

could be due to different reasons, such as: 

Material-specific interactions with methanol at lower temperatures (for example 

condensation, sorption, or clustering effects). 

Some potential experimental factor or material property that restricts permeance at higher 

temperatures. 

Behavior Across Temperatures: 

At 30°C, there is a slight increase in permeance as vapor activity rises, but the growth is more 

gradual compared to 20°C. 

At 40°C and 50°C, the permeance remains consistently low, regardless of vapor activity. This 

could indicate us that the material becomes less permeable to methanol as temperature 

increases, potentially due to some structural changes in the membrane or decreased 

methanol affinity. 

Key Insights: 

-Unexpected Behavior at 20°C: Methanol exhibits the highest permeance at 20°C, contrary to 

the expectation of increasing permeance with temperature. This may point to methanol-

specific interactions at lower temperatures, such as preferential sorption or condensation 

effects. 

-Suppressed Permeance at High Temperatures: The permeance of methanol decreases 

significantly as temperature rises, with only marginal increases as vapor activity approaches 

1. 

-Non-linear Increase at 20°C: The steep rise in permeance at high vapor activity for 20°C 

suggests a threshold or saturation point. 
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This third graph represents the relationship between vapour activity (in the x-axis) and 

permeance (in the  y-axis) for ethanol at various temperatures (20°C, 30°C, 40°C, and 50°C). 

Here's an in Depth and detailed analysis: 

General Observations: 

Similar to the methanol graph, ethanol permeance varies significantly across temperatures, 

but the highest permeance values are observed at 20°C (orange squares). 

The curves at higher temperatures (30°C, 40°C, and 50°C) show much lower permeance values 

and limited sensitivity to vapor activity. 

Temperature Dependence: 

20°C (Orange Curve): The permeance is consistently high, increasing slightly as vapor activity 

rises, peaking near 140 at vapor activity ~1. This indicates a strong interaction between 

ethanol and the material at low temperatures. 

30°C (Gray Curve): The permeance starts to rise with vapor activity but stabilizes around 40. 

The growth pattern is gradual compared to the steep increases seen at 20°C. 

40°C and 50°C (Yellow and Blue Curves): Both show extremely low permeance values (below 

10) across the range of vapor activity, suggesting limited ethanol transport through the 

material at higher temperatures. 
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Behavior Across Temperatures: 

Ethanol exhibits a similar trend to methanol, with permeance being highest at 20°C and 

drastically reduced at higher temperatures. This could be due to ethanol's interaction with the 

material, where lower temperatures favor sorption or diffusion. 

Unlike methanol, ethanol shows a more gradual increase at 20°C, and the permeance remains 

stable at high vapor activities. 

Unusual High Permeance at 20°C: 

The high permeance of ethanol at 20°C suggests a unique interaction between ethanol and 

the material, potentially driven by factors such as condensation, material swelling, or a high 

affinity for ethanol at low temperatures. 

The steep decline in permeance at higher temperatures might reflect structural changes in the 

material or reduced ethanol adsorption. 

Key Insights: 

-Ethanol's behavior is strongly temperature-dependent, with peak permeance 

observed at 20°C. 

-At 30°C, ethanol permeance increases slightly with vapor activity but plateaus quickly, 

indicating limited permeability at intermediate temperatures. 

-At 40°C and 50°C, ethanol permeance is minimal, suggesting that the material 

becomes significantly less permeable to ethanol as temperature rises. 

-The consistent high values at 20°C suggest a strong material-ethanol interaction that 

diminishes with increasing temperature. 

 

 



42 
 

 

The fourth graph represents the relationship between vapor activity (in the x-axis) and 

permeance (in the y-axis) for isopropanol at various temperatures (20°C, 30°C, 40°C, and 

50°C). Here's the detailed analysis for the graph: 

General Observations: 

The permeance of isopropanol varies greatly across temperatures, with the highest values 

observed at 20°C (orange data points), moving between a 80 to around 95 range. 

At higher temperatures (30°C, 40°C, and 50°C), the permeance decreases and shows a reduced 

sensitivity to vapor activity. 

The curves for each temperature are clearly separated, suggesting consistent behavior across 

conditions. 

Temperature Dependence: 

20°C (Orange Curve): The permeance reaches its highest values, peaking near 95, and 

increases steeply with vapor activity. This suggests us a strong interaction between 

isopropanol and the material at low temperatures. 

30°C (Gray Curve): The permeance increases significantly with vapor activity, peaking around 

50. The curve shows a gradual increase with vapor activity, indicating intermediate 

interactions compared to 20°C. 

40°C (Yellow Curve): The permeance is low, barely exceeding 10, and shows minimal sensitivity 

to increasing vapor activity. This reflects reduced interaction between isopropanol and the 

material at this temperature. 
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50°C (Blue Curve): The permeance values are similarly low, clustering below 10 across the 

range of vapor activity. This suggests that higher temperatures significantly limit isopropanol 

transport through the material. 

Behavior Across Temperatures: 

Isopropanol permeance is strongly temperature-dependent, with the highest values at 20°C 

and a sharp decline as temperature increases. 

The interaction between isopropanol and the material is most favorable at lower 

temperatures, likely due to enhanced adsorption or diffusion mechanisms. 

At 40°C and 50°C, the material appears less permeable, potentially due to reduced adsorption, 

material structural changes, or changes in vapor pressure. 

Unusual High Permeance at 20°C: 

The high permeance observed at 20°C might indicate a unique interaction between 

isopropanol and the material, possibly driven by: 

-Enhanced adsorption of isopropanol at low temperatures. 

-Swelling of the material, increasing transport pathways. 

-Condensation effects under low vapor activity. 

The reduction in permeance at higher temperatures might reflect structural changes (e.g., 

pore collapse) or reduced affinity for isopropanol. 

Key Insights: 

-Isopropanol permeance is highest at 20°C, with a strong dependence on vapor activity. 

-At 30°C, permeance is moderately sensitive to vapor activity but plateaus quickly. 

-At 40°C and 50°C, permeance is minimal, suggesting limited isopropanol transport at higher 

temperatures. 

-The consistent high permeance at 20°C highlights favorable isopropanol-material interactions 

under these conditions. 
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5.2.1.2.-Comparative Analysis of Gas Permeance and Vapor Activity in TFCM with 1% PIM-1 

The four graphs illustrate the permeance of the different gases (water, methanol, ethanol, 

and isopropanol) as a function of vapor activity across different temperatures (20°C, 30°C, 

40°C, and 50°C) when passing through a thin-film composite membrane (TFCM) containing 1% 

PIM-1. After analyzing these trends, we can extract some meaningful structure-property 

relationships that help us explain the behavior of the membrane. 

5.2.1.2.1.-General Observations Across All Gases 

Water: Permeance increases with temperature, with the highest values observed at 50°C. The 

relationship with vapor activity is nearly linear, indicating strong membrane compatibility with 

water transport. 

Methanol: The highest permeance is observed at 20°C, with a significant drop at higher 

temperatures. This suggests a favorable interaction between methanol and the membrane at 

low temperatures. 

Ethanol: Exhibits high permeance at 20°C, which declines with temperature, similar to 

methanol but with a less pronounced drop. 

Isopropanol: Shows the lowest permeance across all temperatures, indicating steric 

hindrance and reduced diffusion capability probably due to its bulkier molecular structure. 

 

5.2.1.2.2.-Comparative Analysis of Each Gas 

Water (Graph 1) 

Key Trends: 

Water permeance increases with temperature, being highest at 50°C. 

The permeance-vapor activity relationship is nearly linear. 

At 20°C, water permeance is significantly lower than at higher temperatures. 

Interpretation: 

Water molecules, being small and polar, strongly interact with the membrane. 

The increase in permeance with temperature suggests an enhanced diffusivity through the 

membrane as polymer chain mobility increases. 

The linear behavior implies that the transport mechanism is diffusion-driven rather than 

sorption-limited. 
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Methanol (Graph 2) 

Key Trends: 

Methanol shows the highest permeance at 20°C (~160), with a steep decline at higher 

temperatures. 

Permeance at 30°C remains moderate but is significantly lower than at 20°C. 

At 40°C and 50°C, methanol permeance is minimal. 

Interpretation: 

Methanol’s high permeance at 20°C suggests strong sorption affinity with the polymer matrix 

at low temperatures such as 20°C. 

The sharp decrease at higher temperatures indicates us that methanol sorption is reduced as 

the membrane structure tightens or as free volume elements shrink. 

The presence of hydroxyl (-OH) groups in methanol may promote hydrogen bonding with the 

polymer at low temperatures, aiding in the transport through the TFCM. 

 

 

Ethanol (Graph 3) 

Key Trends: 

Similar to methanol, ethanol has the highest permeance at 20°C (~120), with a sharp decline 

at higher temperatures. 

Permeance at 30°C is moderate but lower than methanol at the same temperature. 

At 40°C and 50°C, ethanol permeance is extremely low. 

Interpretation: 

The slightly lower permeance compared to methanol at each temperature suggests that 

ethanol’s larger molecular size might create more resistance to diffusion. 

Like methanol, ethanol likely benefits from hydrogen bonding with the polymer, though to a 

lesser extent. 

The sharp temperature dependence indicates that ethanol transport is sorption-limited at 

higher temperatures. 
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Isopropanol (Graph 4) 

Key Trends: 

Permeance is significantly lower than for methanol and ethanol at all temperatures. 

At 20°C, permeance is relatively high (~90) but still lower than methanol and ethanol. 

At 30°C and higher, permeance is minimal. 

Interpretation: 

The bulkier structure of isopropanol can limit its ability to diffuse through the membrane’s 

free volume. 

At higher temperatures, polymer relaxation does not favor isopropanol transport, likely due 

to steric hindrance. 

The weak interaction with the membrane suggests that size exclusion effects dominate over 

chemical affinity. 

 

5.2.1.2.3.-Structure-Property Relationships 

a) Influence of Molecular Size 

The molecular size of the permeating species has a significant impact on transport behavior. 

Methanol (smallest molecule) > Ethanol > Isopropanol (bulkiest) in terms of permeance. 

Water permeance does not follow this trend because of its strong interactions with the 

membrane. 

b) Hydrogen Bonding and Chemical Affinity 

Alcohols interact with the polymer via hydrogen bonding at low temperatures, facilitating 

their transport. 

At higher temperatures, alcohol sorption decreases, reducing permeance. 

Water remains highly permeable at all temperatures due to strong hydrogen bonding and its 

ability to disrupt polymer-polymer interactions. 

c) Free Volume and Temperature Dependence 

At lower temperatures, the polymer maintains a relatively open structure, allowing smaller 

molecules like methanol and ethanol to permeate efficiently. 

At higher temperatures, polymer chains relax, potentially reducing free volume and restricting 

alcohol transport. 

Water, being a small polar molecule, continues to diffuse efficiently even as temperature 

increases. 
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5.2.1.2.4.-Implications for Membrane Performance 

-High-Temperature Performance (40°C, 50°C): The membrane is highly selective for water 

over alcohols, making it suitable for dehydration applications. 

-Low-Temperature Performance (20°C, 30°C): High alcohol permeance suggests that the 

membrane is better suited for alcohol transport at these conditions. 

-Size Selectivity: The membrane effectively differentiates between methanol, ethanol, and 

isopropanol based on molecular size and interaction potential. 

 

5.2.1.2.5.-Conclusion 

The analysis of these graphs highlights key structure-property relationships in the TFCM with 

1% PIM-1. The membrane shows: 

-Strong selectivity for water at high temperatures due to increased diffusivity and interaction 

strength. 

-Higher alcohol transport at low temperatures, particularly for methanol and ethanol, due to 

favorable hydrogen bonding and lower steric resistance. 

-Reduced transport for bulkier molecules like isopropanol, emphasizing the role of size 

exclusion. 

These findings suggest us that the membrane can be optimized for our specific separation 

application (bioethanol-water separation) by adjusting operating temperatures and polymer 

composition to balance permeability and selectivity. 
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5.2.1.3.-Every gas compared at the same temperature: 

Now we will make a detailed analysis of the different gases permeance and vapour activity 

compared at the same temperature. 

 

This graph represents the relationship between vapor activity (in the x-axis) and permeance 

(in the y-axis) for all the different gases that we tested (isopropanol, ethanol, methanol, and 

water) at 50°C. 

General Observations: 

The permeance of the gases varies significantly at 50°C. 

Water (blue circles) has the highest permeance, increasing steadily with vapor activity, 

reaching values above 30. 

Isopropanol (orange squares) has the lowest permeance, remaining below 5 across the range 

of vapor activity. 

Methanol (yellow crosses) and ethanol (gray triangles) show intermediate permeance values, 

both peaking slightly below 10. 

Gas-Specific Behavior: 

Water (Blue Circles): 

Permeance increases linearly with vapor activity, indicating strong transport through the 

membrane at 50°C. 

This could reflect a high affinity of the membrane for water, possibly due to hydrogen bonding 

or other favorable interactions. 
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Methanol (Yellow Crosses): 

Permeance is relatively low, slightly increasing with vapor activity before plateauing near 10. 

The lower permeance compared to water may suggest weaker interactions with the 

membrane or reduced transport efficiency. 

Ethanol (Gray Triangles): 

Permeance behavior is similar to methanol, but the values are slightly lower, peaking just 

below 10. 

This suggests that ethanol transport is less favorable at 50°C, potentially due to its larger 

molecular size compared to methanol. 

Isopropanol (Orange Squares): 

Permeance is minimal, staying below 5 across all vapor activities. 

This indicates that the membrane's permeability to isopropanol is significantly limited at 

higher temperatures, possibly due to its bulkier structure or reduced interaction with the 

material. 

Temperature Impact on Gases: 

-At 50°C, the membrane shows a clear preference for water over the alcohols, with water 

permeance being more than three times higher than that of ethanol or methanol and 

significantly higher than isopropanol. 

-The trend aligns with the idea that water's smaller molecular size and stronger affinity for the 

membrane material enable easier transport at elevated temperatures. 

Key Trends: 

-Water Dominance: Water exhibits the most significant increase in permeance with vapor 

activity, suggesting the membrane's strong selectivity for water at 50°C. 

-Limited Transport of Alcohols: Methanol and ethanol show moderate permeance, while 

isopropanol has negligible transport, reflecting the membrane's limited interaction or 

permeability for larger alcohol molecules at this temperature. 

 

Key Insights: 

-Water Separation Efficiency: The high water permeance at 50°C suggests that the membrane 

is highly effective at separating water from alcohols under these conditions. 

-Isopropanol Exclusion: The significantly lower permeance of isopropanol highlights the 

membrane's ability to selectively limit the transport of bulkier alcohols. 

-Methanol vs. Ethanol: The similarity in methanol and ethanol behavior indicates that 

molecular size and polarity might have a smaller impact on permeance at 50°C compared to 

water's dominant properties. 
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Here is the detailed analysis of the graph titled "Every gas at 40°C," which represents the 

relationship between vapor activity (in the x-axis) and permeance (in the y-axis) for the 

different gases (isopropanol, ethanol, methanol, and water) at 40°C. 

General Observations: 

Water (blue circles) has the highest permeance among the gases, reaching values slightly 

above 12 and showing a noticeable increase as vapor activity approaches 1. 

Isopropanol (orange squares) has the lowest permeance, remaining below 3 for all vapor 

activities. 

Methanol (yellow crosses) and ethanol (gray triangles) display intermediate permeance 

values, but both stay below 3, similar to isopropanol. 

Gas-Specific Behavior: 

Water (Blue Circles): Permeance increases significantly as vapor activity rises, peaking above 

12 at a vapor activity of approximately 1. The strong permeance trend suggests favorable 

transport of water through the membrane at 40°C. 

Methanol (Yellow Crosses): Permeance remains relatively constant and low, staying just below 

2 across the range of vapor activities. This indicates limited transport of methanol, likely due 

to weaker interactions with the membrane material. 

Ethanol (Gray Triangles): Similar to methanol, ethanol permeance remains low, slightly below 

2, with minimal sensitivity to vapor activity. The behavior suggests that ethanol transport is 

restricted at 40°C, possibly due to its larger molecular size or different interaction 

mechanisms. 
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Isopropanol (Orange Squares): The permeance is the lowest among the gases, staying below 

3 across all vapor activities. This confirms that the membrane shows very limited permeability 

to isopropanol at 40°C. 

Temperature Impact on Gases: 

At 40°C, the membrane displays a clear preference for water over the alcohols, similar to the 

behavior observed at 50°C. 

Alcohol permeance (methanol, ethanol, and isopropanol) is low and relatively flat, indicating 

minimal sensitivity to vapor activity. 

Key Trends: 

Water Dominance: Water exhibits the highest permeance, increasing as vapor activity rises, 

which highlights the membrane's selectivity for water over alcohols. 

Limited Alcohol Transport: Methanol, ethanol, and isopropanol show minimal permeance and 

limited variation with vapor activity, suggesting that the membrane becomes less permeable 

to alcohols at 40°C. 

Strong Selectivity at 40°C: The sharp contrast between water and alcohol permeance suggests 

strong water-alcohol separation potential. 

Key Insights: 

Water Permeability: The membrane favors water transport at 40°C, with permeance 

increasing significantly at higher vapor activities. 

Minimal Alcohol Permeability: Methanol, ethanol, and isopropanol exhibit low and nearly 

constant permeance, indicating reduced alcohol transport at this temperature. 

Temperature Dependence: Compared to 50°C, permeance values for water remain high, while 

alcohol permeance shows no significant improvement. 
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This graph represents the relationship between vapor activity (x-axis) and permeance (y-axis) 

for various gases (isopropanol, ethanol, water, and methanol) at 30°C. 

General Observations: 

Isopropanol (orange squares) exhibits the highest permeance at 30°C, peaking above 50, with 

a steep increase as vapor activity rises. 

Ethanol (gray triangles) has the second-highest permeance, with values reaching around 40 

and a clear dependence on vapor activity. 

Water (yellow crosses) and methanol (blue circles) have significantly lower permeance, 

staying below 15 across the entire range of vapor activities. 

The gases demonstrate a clear distinction in behavior, indicating varying interactions with the 

membrane at this temperature. 

Gas-Specific Behavior: 

Isopropanol (Orange Squares): Permeance is the highest among the gases, with a sharp 

increase as vapor activity rises to approximately 0.3, peaking above 50. This steep growth 

suggests strong interaction between isopropanol and the membrane at 30°C, possibly due to 

favorable adsorption or diffusion mechanisms. 

Ethanol (Gray Triangles): Permeance rises steadily with vapor activity, reaching values near 

40. The behavior indicates moderately strong interaction with the membrane, though slightly 

less pronounced compared to isopropanol. 
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Water (Yellow Crosses): Permeance remains low, peaking around 10, with limited sensitivity 

to vapor activity. This suggests weak transport through the membrane for water at 30°C, in 

contrast to its dominant behavior at higher temperatures. 

Methanol (Blue Circles): Permeance is similar to water, peaking slightly above 10, with a 

gradual increase as vapor activity rises. The limited permeance indicates reduced affinity or 

interaction with the membrane at this temperature. 

 

Key Trends: 

Isopropanol and Ethanol Dominance: These two alcohols exhibit much higher permeance at 

30°C compared to water and methanol, highlighting the membrane's preference for larger 

alcohol molecules at this temperature. 

Vapor Activity Sensitivity: Both isopropanol and ethanol show a strong dependence on vapor 

activity, with permeance increasing significantly as vapor activity rises. 

Limited Transport of Water and Methanol: These gases exhibit relatively flat curves, indicating 

limited sensitivity to vapor activity and weak transport through the membrane. 

 

Key Insights: 

Isopropanol Selectivity: At 30°C, the membrane exhibits the highest selectivity for 

isopropanol, likely due to strong interactions with the material or enhanced diffusion 

mechanisms. 

Shift in Behavior: The low permeance of water and methanol at 30°C contrasts with their 

higher permeance at 40°C and 50°C, suggesting temperature-dependent selectivity shifts. 

Intermediate Performance for Ethanol: Ethanol shows strong permeance but remains below 

isopropanol, reflecting differences in molecular size or in the affinity with the membrane. 
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For the analysis of the graph titled "Every gas at 20°C" which represents the relationship 

between vapor activity (in the x-axis) and permeance (in the y-axis) for our different gases 

(isopropanol, ethanol, methanol, and water) at 20°C. 

General Observations: 

-Methanol (yellow crosses) exhibits the highest permeance, peaking near 160 at high vapor 

activities. 

-Ethanol (gray triangles) has the second-highest permeance, reaching values around 120. 

-Water (blue circles) and isopropanol (orange squares) show significantly lower permeance, 

remaining below 40 across all vapor activities. 

-The gases display clear differences in permeance behavior, indicating varying interactions 

with the membrane at this temperature. 
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Gas-Specific Behavior: 

Methanol (Yellow Crosses): Permeance increases steadily with vapor activity, peaking at 

approximately 160. The sharp increase in permeance suggests a strong affinity of methanol 

for the membrane material, possibly due to its small molecular size and high diffusivity. 

Ethanol (Gray Triangles): Permeance rises gradually with vapor activity, reaching a maximum 

of around 120. The behavior indicates strong ethanol-membrane interactions, though less 

pronounced than methanol due to ethanol's slightly larger molecular size. 

Water (Blue Circles): Permeance is nearly constant and low, staying below 20 across all vapor 

activities. This suggests limited transport of water through the membrane at 20°C, likely due 

to reduced interactions or competition with alcohol molecules. 

Isopropanol (Orange Squares): Permeance remains low, peaking around 30 and showing 

limited sensitivity to vapor activity. The low permeance indicates restricted transport of 

isopropanol, potentially due to its larger molecular size or weaker interactions with the 

membrane. 

Key Trends: 

-Methanol Dominance: Methanol exhibits the highest permeance at 20°C, indicating the 

membrane's strong affinity for methanol at this temperature. 

-Ethanol as Secondary Performer: Ethanol shows similar trends to methanol but with slightly 

lower permeance values. 

-Water and Isopropanol Limitations: Both gases exhibit minimal permeance, suggesting that 

the membrane strongly favors alcohol transport at low temperatures. 

Key Insights: 

Alcohol Selectivity: At 20°C, the membrane favors methanol and ethanol over water and 

isopropanol, likely due to the smaller molecular sizes of methanol and ethanol and their 

stronger interactions with the membrane. 

Water Permeability Shift: The low permeance of water at 20°C contrasts with its dominant 

behavior at higher temperatures, highlighting temperature-dependent selectivity. 

Isopropanol Limitations: Isopropanol consistently shows low permeance, suggesting that the 

membrane is less suited for its separation under these conditions. 
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5.2.1.4.-Comparative analysis of the 4 graphs 

The four graphs represent the permeance of different gases (water, methanol, ethanol, and 

isopropanol) across a thin-film composite membrane (TFCM) with 1% PIM-1 as a function of 

vapor activity at 20°C, 30°C, 40°C, and 50°C. Since the main goal of this thesis is to separate 

bioethanol-water mixtures, this analysis will focus on membrane selectivity for water over 

ethanol and its implications for bioethanol purification. 

 

5.2.1.4.1.-General Observations 

-Water permeance is dominant at high temperatures (40°C and 50°C). 

-Ethanol, methanol, and isopropanol show significantly lower permeance at elevated 

temperatures. 

-At low temperatures (20°C, 30°C), alcohols exhibit higher permeance, particularly methanol 

and ethanol. 

-Isopropanol consistently shows the lowest permeance across all temperatures. 

-Water permeance increases almost linearly with vapor activity, whereas alcohols exhibit a 

more complex trend. 

 

5.2.1.4.2.-Comparative Analysis by Gas Type 

Water (Graph 1) 

Key Trends: 

-Water permeance is highest at 50°C (~25-30), decreasing at lower temperatures. 

-At 20°C, water permeance is relatively low (~10) but still shows an increasing trend with vapor 

activity. 

-The permeance-vapor activity relationship is nearly linear, suggesting that water transport is 

diffusion-driven. 

Implications for Bioethanol Separation: 

-High water permeance at 40°C and 50°C suggests that the membrane is more effective at 

separating water from ethanol at elevated temperatures. 

-At lower temperatures (20°C and 30°C), ethanol permeance approaches water permeance, 

which may reduce selectivity for bioethanol dehydration. 
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Methanol (Graph 2) 

Key Trends: 

-Methanol shows very high permeance at 20°C (~160), which decreases dramatically at 30°C 

and nearly disappears at 40°C and 50°C. 

-The permeance trend is non-linear with vapor activity, showing a rapid increase at low activity 

before stabilizing. 

Implications for Bioethanol Separation: 

-The high methanol permeance at 20°C suggests strong affinity with the membrane, likely due 

to its small molecular size and ability to hydrogen bond. 

-The sharp decline at higher temperatures means that at 40°C and 50°C, methanol removal 

will be ineffective, making the membrane unsuitable for methanol recovery at high 

temperatures. 

-This behavior indicates that sorption effects dominate at low temperatures, while diffusion 

limitations take over at higher temperatures. 

 

Ethanol (Graph 3) 

Key Trends: 

-Ethanol permeance is highest at 20°C (~120), slightly lower than methanol, and decreases 

significantly at higher temperatures. 

-At 30°C, ethanol permeance remains moderate (~40), but at 40°C and 50°C, it drops to near-

zero values. 

Implications for Bioethanol Separation: 

-Ethanol’s high permeance at 20°C suggests that at low temperatures, the membrane does 

not effectively separate ethanol from water. 

-At 40°C and 50°C, ethanol permeance is negligible compared to water, making these 

temperatures ideal for selective water removal from bioethanol. 

-The temperature-dependent behavior suggests that ethanol interacts with the polymer via 

sorption mechanisms at low temperatures, while reduced polymer free volume at higher 

temperatures restricts ethanol transport. 
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Isopropanol (Graph 4) 

Key Trends: 

-Permeance is significantly lower than for methanol and ethanol across all temperatures. 

-At 20°C, isopropanol has moderate permeance (~90), but this drops drastically at higher 

temperatures. 

-The vapor activity-permeance relationship is relatively weak, indicating diffusion limitations. 

Implications for Bioethanol Separation: 

-Isopropanol’s bulky molecular structure hinders its diffusion through the membrane, 

confirming that size exclusion plays a significant role in separation. 

-This suggests that the membrane is more effective at rejecting larger molecules (such as 

isopropanol) while allowing water to pass at higher temperatures. 

 

 

5.2.1.4.3.-Key Structure-Property Relationships 

a) Effect of Molecular Size on Permeance 

Gas 
Kinetic Diameter 

(nm) 
Permeance (20°C) Permeance (50°C) 

Water ~0.265 Moderate High 

Methanol ~0.36 Very High Low 

Ethanol ~0.44 High Low 

Isopropanol ~0.50 Moderate Very Low 

 

-Water’s small size allows it to diffuse efficiently through the membrane. 

-Larger alcohols (ethanol, isopropanol) exhibit lower permeance due to steric hindrance. 

-Methanol, despite being larger than water, has high permeance at 20°C, likely due to 

hydrogen bonding and strong sorption effects. 

-At higher temperatures, polymer chain mobility decreases, reducing alcohol permeance 

while maintaining high water permeance. 
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b) Free Volume and Polymer Mobility 

 At lower temperatures, the polymer matrix has more available free volume, allowing 

easier alcohol diffusion. 

 At higher temperatures, the membrane structure tightens, restricting alcohol 

transport but still permitting water passage. 

 Water’s ability to disrupt polymer-polymer interactions may enhance its transport 

even as polymer chains contract at high temperatures. 

c) Hydrogen Bonding and Sorption Effects 

 Alcohols interact with the polymer matrix through hydrogen bonding, which facilitates 

sorption at lower temperatures. 

 At higher temperatures, reduced hydrogen bonding lowers alcohol permeance, 

favoring water selectivity. 

 The membrane's affinity for alcohols at 20°C suggests it behaves as a sorption-driven 

system at low temperatures and a diffusion-limited system at high temperatures. 

 

5.2.1.4.4.-Implications for Bioethanol Dehydration 

Best Operating Conditions for Bioethanol-Water Separation 

Temperature 
Water 

Permeance 
Ethanol 

Permeance 
Selectivity 

(Water/Ethanol) 
Suitability for 
Dehydration 

20°C Low High Poor 
Not 

recommended 

30°C Moderate Moderate Low Not ideal 

40°C High Low Good Effective 

50°C Very High Very Low Excellent Optimal 

 

-Operating at 40°C–50°C is the best strategy for bioethanol dehydration using this membrane. 

-At these temperatures, ethanol permeance is minimal, while water permeance is maximized, 

ensuring effective water removal. 

-At lower temperatures (20°C, 30°C), ethanol transport is too high, making the membrane 

ineffective for bioethanol dehydration. 
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5.2.1.4.5.-Final Conclusions 

The membrane exhibits strong temperature-dependent selectivity, favoring water 

permeation over alcohols at higher temperatures. 

 Methanol and ethanol have high permeance at 20°C but become nearly impermeable 

at 50°C, highlighting the role of hydrogen bonding and polymer relaxation in transport 

behavior. 

 Isopropanol’s limited permeance across all temperatures suggests that size exclusion 

effects also influence separation. 

 The membrane is highly effective for bioethanol dehydration at 40°C and 50°C, where 

water permeance is high and ethanol permeance is low. 

 Lower temperatures (20°C, 30°C) are unsuitable for bioethanol dehydration due to 

excessive ethanol transport. 

Recommendation for Industrial Application: 

 Operate the membrane at 50°C to achieve the best bioethanol-water separation 

efficiency. 

 Consider membrane modifications to further enhance ethanol rejection and water 

permeability for improved separation performance. 
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5.2.2.-Permeance vs time graphs (results and discussion) 

To understand how the TFCM´s permeance evolves through time, in this chapter we have 

created different graphs following the same structure as for the permeance vs vapor activity. 

Following what we did in the previous chapter, I will divide it into 2 sections, one in which I 

will analyze the graphs with the same gas flow and its different temperatures and the other 

one, in which I will analyze the different gases at the same temperature. 

5.2.2.1.-Same gas at different temperatures 

 

This graph represents the relationship between time (in the x-axis) and permeance (in the y-

axis) for water at the different temperatures we previously stablished (20°C, 30°C, 40°C, and 

50°C). 

General Observations: 

The permeance of water decreases over time for all temperatures. 

At higher temperatures (50°C), the initial permeance is the highest, peaking around 30, but it 

declines sharply with time. 

At lower temperatures (20°C, 30°C, and 40°C), the permeance starts lower and decreases 

more gradually over time. 

All curves tend to stabilize at lower permeance values as time progresses. 

Temperature-Specific Behavior: 

Water at 50°C (Blue Line): Starts with the highest permeance, around 30, but decreases rapidly 

within the first 2000 seconds. After the initial decline, the permeance stabilizes near 20, 

suggesting that the membrane undergoes rapid changes (e.g., saturation or structural 

adjustments) before reaching equilibrium. 
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Water at 40°C (Yellow Crosses): Begins with an intermediate permeance around 15, which 

decreases steadily over time. The decline is less sharp compared to 50°C, and the permeance 

stabilizes near 10 after around 4000 seconds. 

Water at 30°C (Gray Triangles): Starts with a lower permeance (just below 15) and decreases 

gradually, showing a consistent decline over the entire time range. Stabilizes near 10, similar 

to 40°C, but takes longer to reach this equilibrium point. 

Water at 20°C (Orange Squares): Starts with the lowest permeance, around 10, and decreases 

very gradually over time. The decline is minimal, and the permeance remains just below 10 

throughout the time range, indicating that the membrane is less affected by time-related 

changes at lower temperatures. 

Key Trends: 

Initial Permeance vs. Temperature: Higher temperatures correspond to higher initial 

permeance values, suggesting increased water transport through the membrane at elevated 

temperatures. 

Permeance Decline Over Time: The rate of decline is steeper at higher temperatures (50°C), 

likely due to faster saturation, fouling, or material relaxation. At lower temperatures (20°C), 

the decline is minimal, indicating more stable long-term performance. 

Equilibrium Permeance: All curves tend to stabilize at similar permeance values (around 10), 

regardless of the initial permeance or temperature. 

Key Insights: 

Temperature Impact: The membrane's initial water permeance is strongly temperature-

dependent, with higher temperatures leading to significantly higher initial values. This is likely 

due to increased water diffusivity and interaction with the membrane material at elevated 

temperatures. 

Long-Term Stability: Over time, the permeance values converge, suggesting that the 

membrane stabilizes after initial changes (e.g., saturation or structural adjustment), 

regardless of temperature. 

Optimal Performance: At lower temperatures (e.g., 20°C), the permeance is stable and 

changes minimally over time, potentially indicating better long-term stability for industrial 

applications requiring consistent performance. 
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Analysis of the graph titled "Methanol at Every Temperature," which represents the 

relationship between time (in the x-axis) and permeance (in the y-axis) for methanol at our 

different temperatures (20°C, 30°C, 40°C, and 50°C). 

General Observations: 

Methanol at 20°C (Orange Squares): Exhibits the highest initial permeance, starting near 160, 

but decreases rapidly over time. By around 3000 seconds, the permeance has declined to 

approximately 80, showing a significant reduction in transport efficiency. 

Methanol at 30°C (Gray Triangles): Displays much lower permeance compared to 20°C, 

starting below 20 and decreasing slowly over time. Stabilizes around 10 after approximately 

2000 seconds. 

Methanol at 40°C (Yellow Crosses): Shows minimal permeance, starting below 10 and 

maintaining a nearly flat curve. There is little to no decline over time, suggesting limited 

methanol transport through the membrane at this temperature. 

Methanol at 50°C (Blue Circles): Similar to 40°C, the permeance is very low (close to zero) 

across the entire time range. This indicates negligible methanol transport at 50°C. 

Temperature-Specific Behavior: 

Methanol at 20°C: The high initial permeance suggests strong interactions between methanol 

and the membrane material at lower temperatures. The sharp decline over time could be due 

to saturation of the membrane or structural changes affecting transport pathways. 

Methanol at 30°C: Permeance is much lower than at 20°C, with a gradual decline indicating 

weaker interactions or a slower saturation process. 

Methanol at 40°C and 50°C: Permeance values are extremely low, indicating that higher 

temperatures significantly limit methanol transport. This could be due to changes in the 

membrane's structure or reduced affinity for methanol at elevated temperatures. 
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Key Trends: 

Temperature Impact on Permeance: Methanol permeance is strongly temperature-

dependent, with the highest values at 20°C and minimal transport at 40°C and 50°C. 

Permeance Decline Over Time: The decline is most pronounced at 20°C, suggesting that 

methanol transport is highly dynamic and sensitive to time at lower temperatures. At higher 

temperatures (40°C and 50°C), the minimal transport remains stable over time. 

Key Insights: 

Optimal Temperature for Methanol Transport: At 20°C, the membrane exhibits the highest 

methanol permeance, indicating strong compatibility with methanol at low temperatures. 

Reduced Permeance at Higher Temperatures: The significant drop in permeance at 30°C and 

above suggests that the membrane's selectivity or permeability for methanol decreases 

sharply as temperature increases. 

Long-Term Stability: The permeance decline over time is most significant at 20°C, likely due to 

saturation effects. At higher temperatures, the stable but low permeance suggests limited 

interaction with methanol. 
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Here is the detailed analysis of the graph titled "Ethanol at Every Temperature," which 

represents the relationship between time (in the x-axis) and permeance (in the y-axis) for 

ethanol at various temperatures (20°C, 30°C, 40°C, and 50°C). 

General Observations: 

Ethanol at 20°C (Orange Squares): Exhibits the highest permeance, starting above 120, and 

gradually decreases over time. By 4000 seconds, the permeance stabilizes around 100, 

showing a slower decline compared to methanol at the same temperature. 

Ethanol at 30°C (Gray Triangles): Starts with moderate permeance, around 40, and decreases 

steadily over time. Permeance stabilizes near 10 after approximately 3000 seconds, indicating 

reduced ethanol transport at this temperature. 

Ethanol at 40°C (Yellow Crosses): Shows minimal permeance, starting near 5 and remaining 

relatively constant over the entire time range. The flat curve suggests limited ethanol 

transport at this temperature. 

Ethanol at 50°C (Blue Circles): Similar to 40°C, the permeance is very low (close to zero) and 

stable throughout the time range, indicating negligible ethanol transport at this temperature.  
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Temperature-Specific Behavior: 

Ethanol at 20°C: The high initial permeance suggests strong interactions between ethanol and 

the membrane material at low temperatures. The slow decline over time indicates relatively 

stable transport compared to other temperatures, likely due to favorable conditions for 

diffusion and adsorption. 

Ethanol at 30°C: Moderate initial permeance indicates weaker ethanol-membrane 

interactions compared to 20°C. The steady decline and stabilization around 10 suggest 

saturation or structural adjustments in the membrane. 

Ethanol at 40°C and 50°C: Permeance values are extremely low, indicating that higher 

temperatures significantly hinder ethanol transport. This could result from reduced affinity 

between ethanol and the membrane or changes in the material's structure. 

Key Trends: 

Temperature Impact on Permeance: Ethanol permeance is strongly temperature-dependent, 

with the highest values at 20°C and minimal transport at 40°C and 50°C. 

Permeance Decline Over Time: The decline is most pronounced at 20°C and 30°C, suggesting 

that ethanol transport is dynamic and influenced by time at these temperatures. At higher 

temperatures, the minimal transport remains stable over time. 

Key Insights: 

Optimal Temperature for Ethanol Transport: At 20°C, the membrane exhibits the highest 

ethanol permeance, indicating strong compatibility with ethanol at low temperatures. 

Reduced Permeance at Higher Temperatures: The significant drop in permeance at 30°C and 

above suggests that the membrane's selectivity or permeability for ethanol decreases sharply 

as temperature increases. 

Long-Term Stability: At 20°C, the permeance stabilizes at a high value (around 100), while at 

30°C and higher temperatures, permeance stabilizes at significantly lower values. 
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Here is the detailed analysis of the graph titled "Isopropanol at Every Temperature," which 

represents the relationship between time (in the x-axis) and permeance (in the y-axis) for 

isopropanol at various temperatures (20°C, 30°C, 40°C, and 50°C). 

General Observations: 

Isopropanol at 20°C (Orange Squares): Exhibits the highest permeance, starting around 90, 

with a gradual stabilization over time. The curve remains relatively flat, showing minimal 

decline, suggesting consistent transport through the membrane at this temperature.  

Isopropanol at 30°C (Gray Triangles): Begins with a moderate permeance, around 50, and 

declines steadily over time. By 4000 seconds, permeance stabilizes near 10, indicating a 

significant reduction in isopropanol transport. 

Isopropanol at 40°C (Yellow Crosses): Shows minimal permeance, starting below 10 and 

remaining relatively flat over the time range. The low and stable values indicate very limited 

isopropanol transport at this temperature. 

Isopropanol at 50°C (Blue Circles): Similar to 40°C, permeance values are extremely low (close 

to zero) throughout the time range. This suggests negligible interaction between isopropanol 

and the membrane at higher temperatures. 

Temperature-Specific Behavior: 

Isopropanol at 20°C: High permeance indicates a strong interaction between isopropanol and 

the membrane material at lower temperatures. The flat curve suggests minimal saturation 

effects or material changes over time. 
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Isopropanol at 30°C: The decline in permeance over time suggests that isopropanol transport 

decreases due to saturation or structural adjustments in the membrane. 

Isopropanol at 40°C and 50°C: The consistently low permeance at these temperatures 

indicates that the membrane is significantly less permeable to isopropanol as temperature 

increases. This could be due to reduced affinity for isopropanol or changes in membrane 

structure at elevated temperatures. 

Key Trends: 

Temperature Impact on Permeance: Isopropanol permeance is strongly temperature-

dependent, with the highest values at 20°C and minimal transport at 40°C and 50°C. 

Permeance Decline Over Time: The decline is most significant at 30°C, indicating dynamic 

transport behavior at this intermediate temperature. At 20°C, the permeance stabilizes 

quickly, suggesting more stable long-term performance. 

Key Insights: 

Optimal Temperature for Isopropanol Transport: The membrane exhibits the highest 

isopropanol permeance at 20°C, indicating strong compatibility with isopropanol at low 

temperatures. 

Reduced Permeance at Higher Temperatures: The permeance drop at 30°C and near-zero 

values at 40°C and 50°C suggest that the membrane is far less suited for isopropanol transport 

at elevated temperatures. 

Stability Over Time: At 20°C, permeance remains stable over time, while at 30°C, there is a 

gradual decline before stabilization, possibly due to saturation effects. 
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5.2.2.2.-Comparative Analysis of Gas Permeance Over Time in our TFCM 

The provided graphs illustrate us the time-dependent permeance of water, methanol, 

ethanol, and isopropanol at different temperatures (20°C, 30°C, 40°C, and 50°C) through the 

thin-film composite membrane (TFCM) with 1% PIM-1. Since the primary objective of this 

thesis is to separate bioethanol from water, the focus will obviously be on assessing the long-

term stability of membrane performance, selectivity trends, and their implications for 

bioethanol dehydration. 

 

5.2.2.2.1.-General Observations 

-Water exhibits the highest permeance at higher temperatures (40°C and 50°C) and remains 

relatively stable over time. 

-Methanol and ethanol show high permeance at 20°C but experience significant time-

dependent declines. 

-Isopropanol displays moderate permeance at 20°C and 30°C but drops drastically at higher 

temperatures. 

-At 40°C and 50°C, alcohol permeance is nearly negligible, reinforcing the membrane’s ability 

to separate water from alcohols at elevated temperatures. 

 

5.2.2.2.2.-Comparative Analysis by Gas Type 

Water (Graph 1) 

Key Trends: Water permeance remains consistently high at 50°C, with only a slight decline 

over time. At lower temperatures (20°C, 30°C), water permeance decreases gradually, with 

more significant time-dependent reduction at 20°C. The rate of decline over time is relatively 

minor compared to alcohols, indicating stable water transport. 

Implications for Bioethanol Separation: Water permeance stability at higher temperatures 

(40°C and 50°C) confirms the membrane’s suitability for bioethanol dehydration. The slower 

decline in water permeance over time suggests long-term effectiveness for water removal in 

continuous separation processes. 

Methanol (Graph 2) 

Key Trends: Methanol exhibits the highest initial permeance at 20°C (~160), but this value 

declines steeply over time, stabilizing around 60–80. At 30°C, methanol permeance starts 

lower (~20) and decreases gradually. At 40°C and 50°C, methanol permeance is nearly zero, 

indicating an inability to permeate effectively at higher temperatures. 

Implications for Bioethanol Separation: The sharp decline in methanol permeance over time 

suggests initial sorption-dominated transport, followed by polymer saturation or relaxation 

effects. The inability of methanol to permeate at 40°C and 50°C supports selective water 

transport over methanol, which is desirable for ethanol-water separation. 
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Ethanol (Graph 3) 

Key Trends: Ethanol shows high permeance at 20°C (~120), but it declines significantly over 

time. At 30°C, the permeance is lower (~40) and continues decreasing with time. At 40°C and 

50°C, ethanol permeance approaches zero, similar to methanol. 

Implications for Bioethanol Separation: The rapid decline in ethanol permeance suggests 

strong polymer-alcohol interactions at low temperatures, which may lead to temporary 

sorption before equilibrium is reached. At higher temperatures, the membrane effectively 

blocks ethanol transport, making it highly selective for water at 40°C and 50°C. This confirms 

that bioethanol dehydration using this membrane is most effective at 40°C–50°C. 

 

Isopropanol (Graph 4) 

Key Trends: At 20°C, isopropanol has moderate permeance (~90), but it declines significantly 

over time. At 30°C, the permeance starts at ~40 and drops to near zero over time. At 40°C and 

50°C, isopropanol permeance is almost undetectable. 

Implications for Bioethanol Separation: Isopropanol’s bulkier structure leads to steric 

hindrance, making diffusion more difficult. The rapid decline in permeance over time suggests 

poor long-term transport, reinforcing the membrane’s selectivity for smaller molecules like 

water. At 40°C and 50°C, the near-zero permeance further validates the membrane’s 

effectiveness in separating water from alcohols. 

 

5.2.2.2.3.-Key Structure-Property Relationships 

a) Molecular Size and Diffusivity 

Gas 
Kinetic Diameter 

(nm) 
Initial Permeance 

(20°C) 
Final Permeance (After Time) 

Water ~0.265 Moderate (~15) Stable (~10-12) 

Methanol ~0.36 Very High (~160) Declines (~60-80) 

Ethanol ~0.44 High (~120) Declines (~40-50) 

Isopropanol ~0.50 Moderate (~90) Near zero 

 

 Water’s small size allows for stable permeance over time, reinforcing membrane 

selectivity. 
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 Methanol and ethanol exhibit high initial permeance but decline significantly, 

indicating sorption-based interactions at low temperatures. 

 Isopropanol, due to its bulkiness, faces steric hindrance and limited diffusion. 

b) Free Volume and Polymer Relaxation 

 At lower temperatures (20°C, 30°C), the polymer has more free volume, allowing 

alcohols to permeate temporarily. 

 At higher temperatures (40°C, 50°C), the polymer contracts, restricting alcohol 

diffusion while still allowing water transport. 

 Water’s strong hydrogen bonding ability helps maintain transport even as polymer 

structure tightens. 

c) Sorption vs. Diffusion Control 

 Methanol and ethanol show sorption-dominated transport at 20°C, leading to initial 

high permeance followed by polymer relaxation effects. 

 At 40°C and 50°C, alcohol permeance drops to near-zero, suggesting that the 

separation mechanism shifts to diffusion control. 

 Water transport remains high across all temperatures, confirming the membrane’s 

strong water affinity. 

 

 

 

5.2.2.2.4.-Implications for Bioethanol Dehydration 

Best Operating Conditions for Long-Term Stability 

Temperature 
Water 

Permeance 
Stability 

Ethanol 
Permeance 

Stability 

Selectivity 
(Water/Ethanol) 

Suitability for 
Dehydration 

20°C 
Moderate 

Decline 
Sharp Decline Poor Not recommended 

30°C 
Moderate 

Decline 
Gradual 
Decline 

Low Not ideal 

40°C Stable Near zero High Effective 

50°C Very Stable Near zero Excellent Optimal 
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 40°C and 50°C provide the best selectivity for bioethanol-water separation due to 

stable water permeance and near-zero ethanol transport. 

 At 20°C and 30°C, ethanol permeance is still significant, reducing separation efficiency. 

 Long-term performance is most stable at 50°C, making it the preferred operating 

condition. 

 

5.2.2.2.5.-Final Conclusions 

 Water permeance remains stable over time, reinforcing membrane efficiency for 

dehydration applications. 

 Methanol and ethanol show high initial permeance but decline significantly, 

confirming that low-temperature operation is not ideal for bioethanol separation. 

 Isopropanol exhibits the lowest permeance, further validating the role of size exclusion 

in membrane selectivity. 

 The membrane is most effective for bioethanol dehydration at 40°C and 50°C, where 

water transport remains high, and ethanol transport is nearly eliminated. 

 Long-term stability is a key advantage at higher temperatures, making this membrane 

a strong candidate for industrial bioethanol-water separation applications. 
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5.2.2.3.-Every gas compared at the same temperature 

 

This is the detailed analysis of the graph titled "Every gas at 50°C," which represents the 

relationship between time (in the x-axis) and permeance (in the y-axis) for our four gases 

(isopropanol, ethanol, methanol, and water) at 50°C. 

General Observations: 

Water (Blue Line): Exhibits the highest permeance, starting around 30 and declining steadily 

over time. Stabilizes near 20 after approximately 2000 seconds, maintaining the highest 

permeance among all gases. 

Methanol (Yellow Crosses): Displays very low permeance, starting below 5 and remaining 

relatively flat over the time range. This suggests minimal methanol transport through the 

membrane at 50°C. 

Ethanol (Gray Triangles): Similar to methanol, ethanol permeance is minimal, remaining 

consistently below 5 throughout the time range. There is little to no change over time, 

reflecting limited interaction with the membrane. 

Isopropanol (Orange Squares): Shows the lowest permeance among the four gases, remaining 

close to zero for the entire time range. Indicates negligible transport of isopropanol through 

the membrane at 50°C. 

Gas-Specific Behavior: 

Water: The steep initial decline suggests that the membrane undergoes rapid saturation or 

adjustment to water transport at 50°C. The stabilization near 20 permeance indicates 

consistent long-term transport performance. 

Methanol and Ethanol: Both alcohols show extremely low permeance, indicating that the 

membrane is highly selective against them at this temperature. The stable flat curves suggest 

minimal interaction or negligible diffusion through the membrane. 
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Isopropanol: The nearly zero permeance highlights the membrane's significant resistance to 

isopropanol transport at 50°C.This may be due to isopropanol's larger molecular size or 

reduced affinity for the membrane at higher temperatures. 

Key Trends: 

Water Dominance: Water exhibits the highest permeance at 50°C, suggesting the membrane's 

strong selectivity for water over alcohols at elevated temperatures. 

Minimal Alcohol Transport: Methanol, ethanol, and isopropanol show consistently low 

permeance, indicating that higher temperatures severely limit their transport through the 

membrane. 

Time Dependence: Water permeance decreases with time, stabilizing after the initial decline. 

In contrast, the permeance of alcohols remains almost constant throughout the time range. 

Key Insights: 

Selective Water Transport: The high water permeance compared to alcohols at 50°C indicates 

that the membrane is well-suited for separating water from alcohol mixtures at elevated 

temperatures. 

Temperature-Driven Selectivity: The negligible transport of methanol, ethanol, and 

isopropanol at 50°C highlights a shift in membrane behavior, possibly favoring water due to 

differences in molecular interactions or diffusivity. 

Stable Long-Term Performance: Water transport stabilizes over time, suggesting that the 

membrane's performance is consistent once initial saturation effects are accounted for. 
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Here we have the detailed analysis of the graph titled "Every gas at 40°C," which represents 

the relationship between time (in the x-axis) and permeance (in the y-axis) for four gases 

(isopropanol, ethanol, methanol, and water) at 40°C. 

 

General Observations: 

Water (Blue Line): Exhibits the highest permeance among the gases, starting around 12 and 

gradually declining over time. Stabilizes near 10 after approximately 2000 seconds, indicating 

consistent transport performance at this temperature. 

Isopropanol (Orange Squares): Displays moderate permeance, starting below 3 and increasing 

slightly before stabilizing around 2.5 over time. This indicates limited but consistent 

isopropanol transport at 40°C. 

Methanol (Yellow Crosses): Shows very low permeance, starting just above 1 and remaining 

relatively flat throughout the time range. The minimal permeance reflects weak interaction 

with the membrane. 

Ethanol (Gray Triangles): Similar to methanol, ethanol permeance is very low, remaining 

consistently below 1.5 across the entire time range. This indicates negligible ethanol transport 

through the membrane at 40°C. 
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Gas-Specific Behavior: 

Water: The gradual decline in permeance over time suggests slight saturation effects but 

overall stability. The higher permeance compared to other gases indicates a strong affinity for 

water at this temperature. 

Isopropanol: The initial increase and stabilization suggest that the membrane allows limited 

but measurable transport of isopropanol. The higher permeance compared to methanol and 

ethanol reflects slightly stronger interactions with the membrane. 

Methanol and Ethanol: Both alcohols show minimal permeance and flat curves, indicating 

weak transport through the membrane. The consistently low values highlight the membrane's 

reduced permeability to these smaller alcohols at 40°C. 

Key Trends: 

Water Dominance: Water exhibits the highest permeance at 40°C, suggesting that the 

membrane is selective for water over alcohols at this temperature. 

Limited Alcohol Transport: Methanol, ethanol, and isopropanol all show significantly lower 

permeance compared to water, indicating that higher temperatures reduce alcohol transport 

efficiency. 

Time Dependence: Water permeance decreases gradually over time, stabilizing after the initial 

decline, while alcohol permeance remains stable and low throughout the time range. 

Key Insights: 

Selective Water Transport: The higher water permeance compared to alcohols suggests that 

the membrane is well-suited for separating water from alcohols at 40°C. 

Temperature-Driven Selectivity: The low permeance of methanol, ethanol, and isopropanol 

highlights the membrane's reduced affinity for these alcohols at elevated temperatures. 

Stability Over Time: Water permeance stabilizes after an initial decline, reflecting consistent 

long-term transport performance. 
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Here is the detailed analysis of the graph titled "Every gas at 30°C," which represents the 

relationship between time (x-axis) and permeance (y-axis) for four gases (isopropanol, 

ethanol, methanol, and water) at 30°C. 

General Observations: 

Isopropanol (Orange Squares): Exhibits the highest initial permeance, starting around 50, but 

decreases sharply over time. Stabilizes near 10 after approximately 3000 seconds, indicating 

significant permeance decline. 

Ethanol (Gray Triangles): Starts with a moderate permeance of around 40, declining steadily 

over time. Stabilizes near 10 after approximately 2000 seconds, following a similar pattern to 

isopropanol but with a steeper initial decline. 

Methanol (Yellow Crosses): Displays lower initial permeance, starting below 15, and decreases 

gradually over time. Stabilizes near 10, reflecting limited transport compared to isopropanol 

and ethanol. 

Water (Blue Circles): Exhibits the lowest initial permeance among the gases, starting around 

10, and remains stable with only a slight decline over time. The consistent flat curve indicates 

steady transport performance at 30°C. 

Gas-Specific Behavior: 

Isopropanol: The sharp decline in permeance suggests that the membrane initially facilitates 

high isopropanol transport, likely due to strong interactions or higher diffusivity. The 

stabilization near 10 permeance indicates eventual saturation or structural adjustments in the 

membrane. 
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Ethanol: Similar to isopropanol, ethanol permeance declines over time but starts lower and 

stabilizes earlier. This behavior reflects slightly weaker interactions with the membrane 

compared to isopropanol. 

Methanol: The lower initial permeance and gradual decline indicate limited methanol 

transport at 30°C, likely due to weaker diffusion or lower affinity with the membrane. 

Water: The stable and low permeance highlights the membrane’s reduced preference for 

water transport at 30°C compared to the alcohols. The slight decline over time suggests 

minimal saturation effects or structural changes. 

Key Trends: 

Alcohol Dominance: Isopropanol and ethanol exhibit significantly higher initial permeance 

compared to methanol and water, indicating stronger compatibility with the membrane. 

Permeance Decline Over Time: All gases show a decline in permeance over time, with 

isopropanol and ethanol exhibiting the steepest drops. Water permeance remains the most 

stable, with minimal changes throughout the time range. 

Stabilization: By 3000–4000 seconds, all gases stabilize near 10 permeance, indicating 

consistent long-term transport performance regardless of the initial permeance. 

Key Insights: 

Selective Alcohol Transport: The higher initial permeance of isopropanol and ethanol suggests 

that the membrane favors these alcohols over water and methanol at 30°C. 

Time-Dependent Behavior: The sharp decline in alcohol permeance over time indicates 

dynamic interactions between the membrane and the alcohols, potentially linked to 

saturation or structural relaxation. 

Stable Water Performance: The consistent water permeance suggests that the membrane’s 

transport properties for water are less influenced by time or initial conditions at 30°C. 
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This is the detailed analysis of the graph titled "Every gas at 20°C," which represents the 

relationship between time (in the x-axis) and permeance (in the y-axis) for four gases 

(isopropanol, ethanol, methanol, and water) at 20°C. 

General Observations: 

Methanol (Yellow Crosses): Exhibits the highest initial permeance, starting around 160, but 

experiences a steep decline over time. Stabilizes near 80 after approximately 2000 seconds. 

Ethanol (Gray Triangles): Starts with the second-highest permeance, around 120, and also 

declines over time. Stabilizes near 100 after 2000 seconds, showing less decline compared to 

methanol. 

Isopropanol (Orange Squares): Starts with moderate permeance, around 90, and declines 

gradually over time. Stabilizes near 80, reflecting similar long-term performance to methanol. 

Water (Blue Circles): Shows the lowest permeance, starting around 20, and remains stable 

over time with no significant decline. The consistent flat curve indicates steady water 

transport performance. 

Gas-Specific Behavior: 

Methanol: The steep decline suggests dynamic interactions between methanol and the 

membrane, potentially due to saturation or structural changes. The stabilization near 80 

permeance indicates consistent long-term transport. 

Ethanol: Exhibits a slower decline compared to methanol, stabilizing at a higher permeance of 

100. The behavior highlights strong compatibility between ethanol and the membrane at 20°C. 

Isopropanol: The gradual decline and stabilization near 80 permeance reflect reduced 

interaction compared to ethanol but comparable performance to methanol. 
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Water: The flat, stable curve indicates steady and low water permeance, suggesting limited 

interaction with the membrane at 20°C. 

Key Trends: 

Alcohol Dominance: Methanol, ethanol, and isopropanol exhibit significantly higher 

permeance compared to water, highlighting the membrane's preference for alcohols at 20°C. 

Time Dependence: Alcohol permeance declines over time, stabilizing after 2000 units. 

Methanol shows the steepest decline, followed by ethanol, with isopropanol exhibiting the 

slowest decrease. 

Stable Water Permeance: Water permeance remains consistently low and stable, indicating 

limited sensitivity to time or initial conditions. 

Key Insights: 

Selective Alcohol Transport: The membrane shows strong selectivity for alcohols over water 

at 20°C, with ethanol achieving the highest long-term permeance. 

Time-Dependent Behavior: The sharp decline in methanol and ethanol permeance suggests 

initial saturation effects or dynamic interactions with the membrane material. 

Stable Water Performance: Water permeance remains unaffected by time, reflecting 

consistent and low transport through the membrane. 
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5.2.2.4.-Comparative Analysis of Gas Permeance Over Time for the last 4 graphs 

The provided graphs depict time-dependent permeance of water, methanol, ethanol, and 

isopropanol at different temperatures (20°C, 30°C, 40°C, and 50°C) through a thin-film 

composite membrane (TFCM) with 1% PIM-1. Since the main goal of this study is to separate 

bioethanol-water mixtures, this comparison will focus on: 

-Permeance stability over time – critical for industrial membrane applications. 

-Temperature-dependent selectivity trends – assessing how the membrane performs at 

different temperatures. 

-Implications for bioethanol dehydration – evaluating how well the membrane separates 

water from ethanol. 

 

5.2.2.4.1.-General Observations 

Water permeance is consistently high across all temperatures, particularly at 50°C, showing 

minor decline over time. 

Methanol and ethanol exhibit high initial permeance at 20°C, but their values decline 

significantly over time. 

At higher temperatures (40°C and 50°C), alcohol permeance approaches near-zero, confirming 

strong water selectivity. 

Isopropanol consistently has the lowest permeance, indicating steric hindrance due to its 

bulky molecular structure. 

At lower temperatures (20°C, 30°C), alcohols initially permeate well but decline over time, 

indicating polymer relaxation or saturation effects. 
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5.2.2.4.2.-Comparative Analysis by Gas Type 

Water (Graph 1) 

Key Trends: Water permeance is highest at 50°C (~25-30) and remains relatively stable over 

time. At 40°C, water permeance is lower (~12), but it maintains a steady trend. At 20°C and 

30°C, water permeance starts lower (~10-12) and declines slightly over time. 

Implications for Bioethanol Separation: The stability of water permeance at high temperatures 

(40°C and 50°C) confirms strong suitability for dehydration applications. The gradual decline 

at lower temperatures suggests potential membrane saturation effects. For bioethanol 

purification, operating at 50°C maximizes water removal efficiency. 

 

Methanol (Graph 2) 

Key Trends: Methanol exhibits very high initial permeance at 20°C (~160), but this value 

declines steeply over time, stabilizing at ~60-80.At 30°C, methanol permeance starts lower 

(~20) and gradually decreases. At 40°C and 50°C, methanol permeance is almost zero. 

Implications for Bioethanol Separation: The sharp decline in methanol permeance over time 

suggests initial sorption effects followed by polymer relaxation. The near-zero permeance at 

40°C and 50°C supports selective water transport over methanol. Membrane operation at high 

temperatures effectively prevents methanol permeation, making it unsuitable for methanol 

dehydration but ideal for water removal from ethanol-methanol mixtures. 

 

Ethanol (Graph 3) 

Key Trends: Ethanol permeance starts high at 20°C (~120), but it declines significantly over 

time. At 30°C, permeance is lower (~40) and continues to decrease. At 40°C and 50°C, ethanol 

permeance is nearly zero, similar to methanol. 

Implications for Bioethanol Separation: The sharp decrease over time indicates polymer-

alcohol interactions, likely hydrogen bonding, causing temporary sorption. At 40°C and 50°C, 

the membrane completely rejects ethanol, making it ideal for bioethanol dehydration. 

Operating the membrane at high temperatures ensures selective water removal, leaving 

ethanol behind. 

 

Isopropanol (Graph 4) 

Key Trends: At 20°C, isopropanol has moderate permeance (~90), but it declines significantly 

over time. At 30°C, initial permeance is lower (~40), and it also declines steadily. At 40°C and 

50°C, isopropanol permeance is negligible. 

Implications for Bioethanol Separation: Isopropanol’s bulky structure limits its diffusion, 

supporting the role of steric hindrance in separation. Its low permeance suggests that the 

membrane is highly selective against larger alcohols, favoring water transport instead. For 
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bioethanol-water separation, the membrane will effectively prevent isopropanol loss, which 

is beneficial in mixed-alcohol separations. 

 

5.2.2.4.3.-Key Structure-Property Relationships 

a) Molecular Size and Transport Efficiency 

Gas 
Kinetic Diameter 

(nm) 
Initial Permeance 

(20°C) 
Final Permeance (After 

Time) 

Water ~0.265 Moderate (~15) Stable (~10-12) 

Methanol ~0.36 Very High (~160) Declines (~60-80) 

Ethanol ~0.44 High (~120) Declines (~40-50) 

Isopropanol ~0.50 Moderate (~90) Near zero 

 

 Water’s small molecular size allows for stable permeance, making the membrane ideal 

for dehydration. 

 Methanol and ethanol exhibit high initial permeance but decline significantly, 

suggesting a transition from sorption to diffusion control. 

 Isopropanol’s low permeance is due to steric hindrance, supporting size-exclusion 

effects. 

b) Free Volume and Polymer Relaxation 

 At lower temperatures (20°C, 30°C), the polymer has more free volume, allowing 

alcohols to permeate initially. 

 At higher temperatures (40°C, 50°C), the polymer compacts, restricting alcohol 

transport while still allowing water. 

 Water’s ability to hydrogen bond with the polymer keeps its permeance relatively 

stable, even as the membrane tightens. 

c) Sorption vs. Diffusion Control 

 Methanol and ethanol undergo sorption-driven transport at 20°C, leading to initial high 

permeance before polymer saturation occurs. 

 At higher temperatures, alcohol permeance drops to near-zero, suggesting a shift from 

sorption to diffusion-controlled transport. 
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 Water remains highly permeable across all temperatures, confirming the membrane’s 

water affinity. 

 

 

5.2.2.4.4.-Implications for Bioethanol Dehydration 

Best Operating Conditions for Long-Term Stability 

Temperature 
Water 

Permeance 
Stability 

Ethanol 
Permeance 

Stability 

Selectivity 
(Water/Ethanol) 

Suitability for 
Dehydration 

20°C 
Moderate 

Decline 
Sharp Decline Poor Not recommended 

30°C 
Moderate 

Decline 
Gradual Decline Low Not ideal 

40°C Stable Near zero High Effective 

50°C Very Stable Near zero Excellent Optimal 

 

 40°C and 50°C provide the best conditions for bioethanol dehydration, as water 

permeance remains high while ethanol permeance approaches zero. 

 At 20°C and 30°C, ethanol permeance is too high, reducing separation efficiency. 

 50°C is the most stable for long-term performance, making it the recommended 

operational temperature. 

5.2.2.4.5.-Final Conclusions 

 Water permeance remains stable, making the membrane ideal for dehydration 

applications. 

 Methanol and ethanol show high initial permeance but decline significantly over time, 

confirming that low-temperature operation is unsuitable for bioethanol separation. 

 Isopropanol has the lowest permeance due to steric hindrance, reinforcing size 

exclusion as a key mechanism. 

 The membrane performs best at 40°C and 50°C, where water transport remains high, 

and ethanol transport is nearly eliminated. 

 Long-term stability at high temperatures makes this membrane a strong candidate for 

industrial bioethanol-water separation applications. 
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Recommendation for Industrial Application 

 Operate the membrane at 50°C for optimal water-ethanol separation. 

 Monitor long-term performance to assess potential fouling effects. 

 Optimize membrane formulation to enhance water permeance while maintaining 

ethanol rejection. 
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6.-Conclusion 

6.1.-Summary of our findings 

This study systematically evaluated the permeance behavior of water, methanol, ethanol, and 

isopropanol across a thin-film composite membrane (TFCM) containing 1% PIM-1 at different 

temperatures (20°C, 30°C, 40°C, and 50°C). The primary goal was to assess the membrane's 

efficiency in separating bioethanol-water mixtures by analyzing the temperature dependence 

of permeance, time-dependent stability, and structure-property relationships. The results 

revealed key trends regarding gas selectivity, polymer-molecule interactions, and membrane 

performance. 

6.1.1 Temperature-Dependent Permeance Trends 

 Water Permeance 

o Highest at 50°C (~25-30 GPU) and remains relatively stable over time. 

o Moderate at 40°C (~12 GPU), with a steady trend. 

o Lower at 20°C and 30°C (~10-12 GPU), with minor decline over time. 

o The linear increase with vapor activity confirms diffusion-controlled transport. 

 Methanol Permeance 

o Extremely high at 20°C (~160 GPU), declining steeply over time to ~60-80 GPU. 

o Lower at 30°C (~20 GPU), with gradual decline. 

o Negligible at 40°C and 50°C (~0-5 GPU), confirming strong water selectivity at 

high temperatures. 

 Ethanol Permeance 

o High at 20°C (~120 GPU), with rapid decline over time. 

o Lower at 30°C (~40 GPU), decreasing gradually. 

o Near zero at 40°C and 50°C, demonstrating effective ethanol rejection for 

bioethanol dehydration. 

 Isopropanol Permeance 

o Moderate at 20°C (~90 GPU), but declines over time. 

o Lower at 30°C (~40 GPU), with gradual decay. 

o Negligible at 40°C and 50°C (~0-5 GPU), reinforcing size-exclusion mechanisms. 
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6.1.2 Time-Dependent Stability and Long-Term Performance 

 Water permeance remains high and stable, particularly at 40°C and 50°C. 

 Methanol and ethanol show steep initial permeance followed by a decline, indicating 

sorption-dominated transport at low temperatures. 

 Isopropanol shows consistent low permeance, highlighting steric hindrance effects. 

 The membrane demonstrates long-term effectiveness for bioethanol dehydration at 

40°C and 50°C, where ethanol transport is minimal and water permeance is optimized. 

 

6.2. Structure-Property Relationships 

6.2.1 Molecular Size and Transport Efficiency 

Gas 
Kinetic Diameter 
(nm) 

Initial Permeance (20°C) 
Final Permeance (After 
Time) 

Water ~0.265 Moderate (~15 GPU) Stable (~10-12 GPU) 

Methanol ~0.36 Very High (~160 GPU) Declines (~60-80 GPU) 

Ethanol ~0.44 High (~120 GPU) Declines (~40-50 GPU) 

Isopropanol ~0.50 Moderate (~90 GPU) Near zero (~0-5 GPU) 

 

 Water’s small molecular size allows for stable permeance, making the membrane ideal 

for dehydration applications. 

 Methanol and ethanol exhibit high initial permeance but decline significantly over 

time, indicating a transition from sorption to diffusion control. 

 Isopropanol’s low permeance is attributed to steric hindrance, supporting size-

exclusion effects. 

 

6.2.2 Role of Polymer Relaxation and Free Volume 

 At lower temperatures (20°C, 30°C), the polymer has more free volume, allowing 

alcohols to permeate initially. 

 At higher temperatures (40°C, 50°C), the polymer structure compacts, restricting 

alcohol transport while still allowing water to pass. 

 Water’s strong hydrogen bonding ability maintains its permeance, even as polymer 

chains tighten. 
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6.2.3 Sorption vs. Diffusion-Controlled Transport 

 Methanol and ethanol exhibit sorption-driven transport at 20°C, leading to initial high 

permeance followed by polymer saturation. 

 At higher temperatures, alcohol permeance drops to near-zero, confirming a shift from 

sorption-limited to diffusion-controlled transport. 

 Water remains highly permeable across all temperatures, reinforcing water selectivity. 

 

6.3. Implications for Bioethanol Dehydration 

6.3.1 Best Operating Conditions for Long-Term Stability 

Temperature 
Water 
Permeance 
Stability 

Ethanol 
Permeance 
Stability 

Selectivity 
(Water/Ethanol) 

Suitability for 
Dehydration 

20°C 
Moderate 
Decline 

Sharp Decline Poor Not recommended 

30°C 
Moderate 
Decline 

Gradual Decline Low Not ideal 

40°C Stable Near zero High Effective 

50°C Very Stable Near zero Excellent Optimal 

 

 40°C and 50°C provide the best conditions for bioethanol dehydration, where water 

transport remains high, and ethanol transport is near zero. 

 At 20°C and 30°C, ethanol permeance remains significant, reducing selectivity. 

 50°C provides the most stable long-term performance, making it the recommended 

operational temperature. 
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6.4. Final Conclusions and Future Recommendations 

 Water permeance remains stable across time and temperature, reinforcing the 

membrane’s effectiveness for bioethanol dehydration. 

 Methanol and ethanol show high initial permeance at low temperatures but decline 

significantly, confirming that low-temperature operation is unsuitable for bioethanol 

separation. 

 Isopropanol has the lowest permeance due to steric hindrance, reinforcing the role of 

size exclusion. 

 The membrane performs best at 40°C and 50°C, where water permeance is maximized, 

and ethanol is effectively rejected. 

 Long-term stability at high temperatures makes this membrane a strong candidate for 

industrial bioethanol-water separation applications. 

Future Work Recommendations: 

 Optimize membrane formulations to enhance water permeance while maintaining 

ethanol rejection. 

 Evaluate real bioethanol feed mixtures to assess performance under industrial 

conditions. 

 Investigate membrane fouling resistance and develop strategies to improve long-term 

durability. 

 Explore alternative polymer modifications to further improve separation efficiency. 

By leveraging the insights from this study, future research can further refine membrane-based 

separation technologies, enabling more efficient and sustainable bioethanol dehydration. 
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7.- Outlook and Future Directions 
The findings presented in this thesis provide us with a strong foundation for understanding 

the performance of thin-film composite membranes (TFCMs) with 1% PIM-1 in the separation 

of bioethanol-water mixtures. The results obtained highlighted the temperature-dependent 

selectivity of the membrane, demonstrating its real potential for energy-efficient bioethanol 

purification. However, several key areas require further investigation to improve 

performance, optimize scalability, and enable industrial implementation. This last chapter 

outlines the key future research directions and technological advancements needed to bring 

this membrane technology closer to real-world applications. 

 

7.1. Enhancing Membrane Performance 

While in this study we demonstrate high water selectivity at 40°C and 50°C, further 

improvements can be made in terms of permeability, selectivity, and stability. 

Optimization of PIM-1 Content in the Selective Layer 

 The 1% PIM-1 loading showed promising results, but different polymer concentrations 

could enhance selectivity further. 

 Future Work: Investigate the effects of higher or lower PIM-1 loadings in the selective 

layer on both water permeability and ethanol rejection. 

Incorporation of Mixed-Matrix Membranes (MMMs) 

 Combining PIM-1 with porous fillers, such as zeolites or MOFs, could enhance 

membrane separation by improving free volume and water affinity. 

 Future Work: Explore hybrid TFCMs incorporating advanced nanofillers to further tune 

permeability and selectivity. 

Enhancing Membrane Stability and Longevity 

 Long-term performance remains a key challenge, particularly in the presence of 

complex fermentation broths that may cause fouling. 

 Future Work: Investigate antifouling coatings or crosslinking modifications to improve 

stability during prolonged operation. 
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7.2. Application in Real Fermentation Broths 

This study primarily focused on binary water-alcohol mixtures (methanol, ethanol, 

isopropanol). However, real bioethanol production streams contain impurities, dissolved 

solids, and other organic components. 

Testing with Real Bioethanol Feeds 

 The presence of acids, sugars, and fermentation byproducts could impact membrane 

performance. 

 Future Work: Conduct pilot-scale trials using real bioethanol fermentation broths to 

assess membrane selectivity under industrial conditions. 

Evaluating the Effect of Mixed Alcohol Systems 

 Industrial bioethanol may contain methanol, butanol, and fusel alcohols, which could 

affect separation performance. 

 Future Work: Perform experiments on multi-alcohol systems to determine the 

membrane’s behavior in more complex separation scenarios. 

 

7.3. Scale-Up and Industrial Feasibility 

For membrane-based bioethanol dehydration to become a viable alternative to distillation, 

several scalability challenges must be addressed. 

Energy and Cost Analysis of TFCM Separation vs. Distillation 

 While membranes offer a lower-energy alternative, their true cost-effectiveness 

compared to conventional methods remains unclear. 

 Future Work: Conduct techno-economic analysis comparing: 

o Energy consumption of membrane separation vs. azeotropic distillation. 

o Operational costs of TFCM membranes at scale. 

Development of Continuous Membrane Processes 

 Most industrial separation processes are continuous, while laboratory studies are 

often conducted in batch mode. 

 Future Work: Design and test continuous membrane modules, such as spiral-wound or 

hollow fiber configurations, for real-world implementation. 

Integration with Hybrid Separation Technologies 

 Instead of replacing distillation, membranes could be integrated as pre-concentration 

steps to reduce energy use. 
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 Future Work: Explore hybrid approaches, where membranes are combined with 

adsorption, pervaporation, or vacuum-assisted separation. 

7.4. Expanding Beyond Bioethanol 

The high water selectivity observed in this study suggests that TFCMs with PIM-1 could be 

useful beyond bioethanol dehydration. 

Application in Other Alcohol-Water Separations 

 The membrane’s ability to separate water from methanol, ethanol, and isopropanol 

indicates broader applications. 

 Future Work: Investigate its use in pharmaceutical, cosmetic, or fine chemical 

industries where alcohol purification is essential. 

Potential Use in Organic Solvent Nanofiltration (OSN) 

 The presence of microporous structures in PIM-1 could enable its use in organic 

solvent separation for high-value chemical production. 

 Future Work: Explore TFCMs for organic solvent nanofiltration, particularly in green 

chemistry and pharmaceutical manufacturing. 

 

7.5. Final Remarks 

This study has demonstrated the high potential of TFCMs with 1% PIM-1 for bioethanol-water 

separation, particularly at 40-50°C, where water permeance is maximized while ethanol 

permeance is nearly eliminated. However, key challenges remain, including membrane 

scalability, stability in complex feeds, and integration into industrial processes. 

Future research should focus on: 

1. Optimizing membrane composition (e.g., mixed-matrix membranes, crosslinking 

strategies). 

2. Testing with real bioethanol feeds and multi-alcohol systems. 

3. Scaling up membrane modules for continuous industrial operation. 

4. Evaluating energy savings and cost benefits in comparison to traditional distillation. 

5. Exploring broader applications in solvent separation technologies. 

Addressing these challenges will be critical for advancing membrane-based bioethanol 

dehydration as a commercially viable, energy-efficient alternative to distillation. 
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