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Abstract  

Poly (ethylene terephthalate) (PET)-based membranes were prepared in the laboratory, 

where the dehydration performance of pure PET membranes is improved by 

incorporating different amounts of Poly (ethylene glycol) (PEG) average Mn 6000 as 

polymeric additive, flat sheet membranes are formed using the phase inversion method, 

the thickness of the obtained films was in the range between 60 and 130 μm. The produced 

membranes were evaluated in two experimental setups, where the permeabilities of water 

vapor and methane gas were measured, allowing the examination of membranes 

performance for the dehydration of methane gas.  

The results showed that the prepared films have an asymmetric structure, and as the PEG 

amount increased, large macro-voids formed, the sub-layer pores size diameter, skin layer 

thickness and water vapour permeabilities WVP’s increased also. It was significantly 

found that the polyethylene glycol (PEG) content in polyethylene terephthalate (PET) 

membranes has a great role in improving the dehydration of methane gas, whereby if the 

polyethylene glycol (PEG) content is higher than 20%, overall, the methane gas 

permeabilities decrease significantly. The results obtained showed that the polyethylene 

terephthalate films are able to dehydrate methane gas and their performance for methane 

dehydration were improved by the addition of polyethylene glycol (PEG). 
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Résumé 

Des membranes à base de poly (éthylène téréphtalate) (PET) ont été préparées au 

laboratoire, où la performance de déshydratation des membranes en PET pur est 

améliorée par l'incorporation de différentes quantités de poly (éthylène glycol) (PEG) 

comme additif polymère de masse molaire moyenne de 6000 (Mn 6000). Des membranes 

de films plats ont été formées en utilisant la méthode d'inversion de phase, à partir de 

laquelle l'épaisseur des films a été obtenue dans la gamme entre 60 et 130 μm. Les 

membranes produites ont été évaluées dans deux montages expérimentaux, où les 

perméabilités de la vapeur d'eau et du gaz de méthane ont été mesurées, permettant 

l'examination de performance des membranes pour la déshydratation du gaz méthane.  

Les résultats ont montré que les films préparés ont une structure asymétrique, et que 

lorsque la quantité de PEG augmente, de grands macro-vides se forment, le diamètre de 

la taille des pores de la sous-couche, l'épaisseur de la couche de peau et les perméabilités 

à la vapeur d'eau (PVE) augmentent également. Il a été constaté que la teneur en 

polyéthylène glycol (PEG) des membranes en polyéthylène téréphtalate (PET) joue un 

rôle important dans l'amélioration de la déshydratation du gaz de méthane. Si la teneur en 

polyéthylène glycol (PEG) est supérieure à 20%, les perméabilités du gaz (PGM) 

diminuent de manière significative. Les résultats obtenus ont montré que les films de 

polyéthylène téréphtalate sont capables de déshydrater le gaz de méthane et que leurs 

performances ont été améliorées par l'ajout de polyéthylène glycol (PEG). 
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 ملخص 

في المختبر، حيث تم تحسين أداء الترشيح وذلك بإدماج كميات    (PET)تم تحضير أغشية البولي إيثيلين تيريفثاليت

تشكيل اغشية  ، فقد تم  6000ذات متوسط الكتلة المولية    (PEG)مختلفة كبوليمر مضاف من بولي إيثيلين جلايكول

 60مستوية باستعمال طريقة تقليب الحالة والتي تم من خلالها الحصول على سماكة الأغشية في نطاق يتراوح بين  

مايكرومتر. تم تقييم الاغشية المتشكلة في إعدادين تجريبيين، فهذا سمح بقياس نفاذية بخار الماء وغاز الميثان،    130و

 .از الميثانوالحصول على أداء الأغشية لترشيح غ

 ،(PEG)   جلايكولأظهرت النتائج أن الأغشية المحضرة لديها بنية غير متماثلة، وأنه مع زيادة كمية بولي إيثيلين  

 يةتكونت فراغات كبيرة على الطبقة السفلية عليها مع زيادة قطر حجمها، كما هو الحال فقد زاد سمك طبقة الجلد

إيثيلين   بولي  الميثان هو محتوى  كبير في تحسين ترشيح غاز  ما لوحظ حقا، كما كان له دور  أيضًا.  الماء  ونفاذية 

٪، فان نفاذية  20، بحيث إذا كان المحتوى أكثر من (PET)  في أغشية البولي إيثيلين تيريفثاليت    (PEG)  جلايكول

تائج التي تم الحصول عليها، ان أداء أغشية البولي إيثيلين  الغاز تنخفض بشكل ملحوظ على العموم، فقد أظهرت الن

   .(PEG) جلايكولتيريفثاليت قادرة على تجفيف غاز الميثان وأنه تم تحسين أدائها بإضافة البولي إيثيلين 

  

 

 

 

 

 

 

 

 

 



vi 
 

Table of contents 

Keywords ......................................................................................................................................... ii 

Abstract ............................................................................................................................................ iii 

Résumé .............................................................................................................................................. iv 

 v ...................................................................................................................................................ملخص

Tables des matières ........................................................................................................................... vi 

List of Figures ................................................................................................................................ viii 

List of Tables...................................................................................................................................... x 

List of Abbreviations ......................................................................................................................... xi 

Statement of Original Authorship ................................................................................................... xiii 

Acknowledgements ......................................................................................................................... xiv 

INTRODUCTION ................................................................................................................................ 1 

1.1 Background & Research objectives .............................................................................................. 1 

1.2 Framework of the thesis study ...................................................................................................... 3 

Chapter 1: Literature review .............................................................................................................. 4 

1.1 Importance of methane gas ........................................................................................................... 4 

1.2 Methane purification for effective dtilization ............................................................................... 5 

1.3 conventional Separation for methane gas dehydration.................................................................. 6 

1.3.1 Absorption-based dehydration ............................................................................................... 6 

1.3.2 Adsorption-based dehydration ............................................................................................... 7 

1.3.3 Dehydration by refrigeration ................................................................................................. 7 

1.4 Dehydration of methane gas using membranes ............................................................................ 8 

1.5 Principle of membrane separation ................................................................................................ 9 

1.6 Materials used for membrane Fabrication .................................................................................... 9 

1.6.1 Organic membrane materials: Polymers ................................................................................ 9 

1.6.2 Inorganic membrane materials............................................................................................. 10 

1.7 Membrane modules .................................................................................................................... 10 

1.8 Membrane morphology .............................................................................................................. 11 

1.8.1 Isotropic membranes ........................................................................................................... 12 

1.8.2 Anisotropic membranes ....................................................................................................... 12 

1.9 Phase Separation process for membranes preparation ................................................................ 12 

1.10 Solution casting film applicator: ............................................................................................... 13 

1.11 gas separation mechanism in polymeric membrnes .................................................................. 14 

Chapter 2: Materials and methods for PET membranes preparation ........................................... 16 

2.1 MATERIALS ............................................................................................................................. 16 



vii 
 

2.1.1 Polymers .............................................................................................................................. 16 

2.1.2 Pure methane gas ................................................................................................................. 18 

2.1.3 PET membrane solvents ...................................................................................................... 19 

2.1.4 PET Membrane solvent mixture TCA/DCM ....................................................................... 21 

2.1.5 Non-solvent solution ........................................................................................................... 23 

2.1.6 Instruments .......................................................................................................................... 23 

2.2 METHODS ................................................................................................................................ 38 

2.2.1 Blended PET/PEG flat membranes fabrication .................................................................... 38 

2.2.2 Membrane’s characterization ............................................................................................... 40 

2.2.3 Performance of the membranes ........................................................................................... 48 

Chapter 3: Characterization of prepared PET-based membranes................................................. 55 

3.1 Formation of flat sheet membrane .............................................................................................. 55 

3.2 Sectional and top surface morphology of membranes ................................................................ 56 

3.3 Surface characterization ............................................................................................................. 60 

3.3.1 Membranes M1.................................................................................................................... 62 

3.3.2 Membranes M2.................................................................................................................... 62 

3.3.3 Membranes M3.................................................................................................................... 63 

3.3.4 Membranes M4.................................................................................................................... 64 

3.3.5 Membranes mean pore diameter .......................................................................................... 65 

3.4 Energy dispersive X-ray spectrometry........................................................................................ 66 

Chapter 4: Methane gas dehydration by PET-based membranes .................................................. 69 

4.1 Water vapor Permeability measurement (WVP)......................................................................... 69 

4.1.1 Membrane’s thickness ......................................................................................................... 69 

4.1.2 Water vapor transmission rate (WVTR) .............................................................................. 70 

4.1.3 Water vapor permeance (P) ................................................................................................. 77 

4.1.4 Water vapor permeability (WVP) ........................................................................................ 77 

4.2 Effect of the PEG on the WVP ................................................................................................... 78 

4.3 Methane gas permeability measurement (MGP)......................................................................... 79 

4.3.1 Methane gas volume-flow rate (𝑉𝑟) .................................................................................... 79 

4.3.2 Average Methane gas volume-flow rate (𝑉𝑟) of membranes ............................................... 83 

4.4 Effect of the PEG on the methane gas permeability ................................................................... 86 

CONCLUSIONS AND FUTURE PERSPECTIVE ......................................................................... 88 

Bibliography ........................................................................................................................... 90 

 

 

 

 



viii 
 

List of Figures 

Figure 0-1. Thesis graphical abstract......................................................................................... 3 

Figure 1-1. Relevant sources for renewable methane gas production ....................................... 5 

Figure 1-2. Absorption dehydration process ............................................................................. 6 

Figure 1-3. Adsorption dehydration process ............................................................................. 7 

Figure 1-4. Water vapor permeability (extrapolated to zero activity) and H2O/CH4 selectivity 

at about 30 ◦C in various polymers ............................................................................................ 8 

Figure 1-5. Membrane principal separation process ................................................................. 9 

Figure 1-6. Membrane configuration types ............................................................................. 11 

Figure 1-7. Isotropic and anisotropic membranes morphology .............................................. 11 

Figure 1-8. Typical film applicators widely used .................................................................... 13 

Figure 1-9.  Gas transport mechanisms through membranes .................................................. 15 

Figure 2-1. Polyethylene terephthalate (PET) polymer with chemical structure .................... 17 

Figure 2-2. Polyethylene glycol (PEG) additive polymer with chemical structure ................ 18 

Figure 2-3. Chemical structure of Dichloromethane (DCM) .................................................. 19 

Figure 2-4. Trichloroacetic acid (TCA) with chemical structure ............................................ 20 

Figure 2-5. Polymers-solvents mixing glass bottle ................................................................. 24 

Figure 2-6. Mixing process with magnetic stirrer- stir bar ...................................................... 26 

Figure 2-7. Flat glass plate for dope solution application ....................................................... 27 

Figure 2-8. Coagulation bath filled with distilled water ......................................................... 28 

Figure 2-9. 2D layout structure of the water cup..................................................................... 29 

Figure 2-10. Water cup with main integrated elements .......................................................... 30 

Figure 2-11. Cutting flat sheet membranes steps .................................................................... 31 

Figure 2-12. Schematic of bubble flowmeter .......................................................................... 32 

Figure 2-13. Home glass and four-sided film applicators design ............................................ 33 

Figure 2-14. Oven structure with temperature controller ........................................................ 34 

Figure 2-15. Measurement with digital micrometer ................................................................ 35 

Figure 2-16. ImageJ program overview .................................................................................. 36 

Figure 2-17. FEI Quanta 650 FEG SEM equipped with an EDS analyzer (Bruker QUNATX 

EDS XFlash® 6|10) .................................................................................................................. 38 

Figure 2-18. Coating of PET dope solution ............................................................................ 40 

Figure 2-19. EDS analyzer (Bruker QUNATX EDS XFlash® 6|10)...................................... 41 

Figure 2-20. SEM image calibration ....................................................................................... 43 

Figure 2-21. SEM image pre-treatment steps .......................................................................... 44 

Figure 2-22. SEM image pre-treatment steps .......................................................................... 45 

Figure 2-23. Pores size analysis steps ..................................................................................... 46 

Figure 2-24. Excel model for calculation of pores diameter ................................................... 47 

 Figure 2-25. Experimental setup for MGP measurement cross PET membranes .................. 51 

Figure 2-26. Practical experimental setup for MGP measurement ......................................... 52 

Figure 3-1. Holes build-up in distilled water coagulation bath for M5 membrane (60%/40%)

 .................................................................................................................................................. 55 

Figure 3-2. Build-up of PET/PEG membranes: M1 (100%/0%), M2 (90%/10%), M3 

(80%/20%), M4 (70%/30%), M5 (60%/40%) ......................................................................... 56 



ix 
 

Figure 3-3. Scanning electron microscopy images of the porous sub-layer surface of PET 

membranes.  (M1, no added PEG; M2=10% PEG; M3=20% PEG, M4=30% PEG) .............. 58 

Figure 3-4. Scanning electron microscopy images of membrane cross sections. (M1, no added 

PEG, M2=10% PEG, M3=20% PEG, M4=30% PEG) ............................................................ 59 

Figure 3-5. SEM suface analysis of membranes : A- Pores size distribution of membranes, B- 

Detected pores in binary SEM images: black = Pores, white = membrane matrix .................. 61 

Figure 3-6. M3 SEM image of sub-layer surface .................................................................... 62 

Figure 3-7. M2 SEM image of sub-layer surface .................................................................... 63 

Figure 3-8. M3 SEM image of sub-layer surface .................................................................... 64 

Figure 3-9. Zoom out inside the macro voids of M4 membrane sub-surface ......................... 65 

Figure 3-10. Sub-layer mean pore diameter of PET/PEG membranes ................................... 66 

Figure 3-11. Energy dispersive X-ray spectrometry images of the sub-layer surface of PET 

membranes.  Series = characteristic X-ray lines, C [wt. %] = the concentration in weight 

percent of the element .............................................................................................................. 68 

Figure 4-1. Membrane thickness loose after water vapor permeability test............................ 70 

Figure 4-2. Weight loss slope of M1 membrane ..................................................................... 72 

Figure 4-3. Weight loss slope of M2 membrane ..................................................................... 73 

Figure 4-4. Weight loss slope of M3 membrane ..................................................................... 74 

Figure 4-5. Weight loss slope of M4 membrane ..................................................................... 75 

Figure 4-6. Water vapour permeability of PET/PEG membranes: M1 (100%/0%), M2 

(90%/10%), M3 (80%/20%), M4 (70%/30%). (R square =0.9497) ........................................ 79 

Figure 4-7. M1 Membrane escaped methane volume regression line with slopes .................. 80 

Figure 4-8. M2 Membrane escaped methane volume regression line with slopes .................. 81 

Figure 4-9. M3 Membrane escaped methane volume regression line with slopes .................. 82 

Figure 4-10. M4 Membrane escaped methane volume regression line with slopes ................ 83 

Figure 4-11. Effect of PEG additive on gas transport properties of methane gas, (R 

square=0.9323) ........................................................................................................................ 87 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

  List of Tables 

Table 2-1. Polyethylene terephthalate (PET) specification ..................................................... 17 

Table 2-2. Polyethylene glycol (PEG) specification (Specification Sheet: sigmaaldrich.com)

 .................................................................................................................................................. 18 

Table 2-3. Dichloromethane (DCM) specification .................................................................. 20 

Table 2-4. Trichloroacetic acid (TCA) specification ............................................................... 21 

Table 2-5. Ratios of solvent solution TCA/DCM for dissolving of PET membranes ............. 23 

Table 2-6. Mixing glass bottle properties ................................................................................ 25 

Table 2-7. Compositions of dope casting solutions of PET membranes ................................. 39 

Table 4-1. Average thickness of membranes ........................................................................... 70 

Table 4-2. Weight loss vs time data of M1 membrane ............................................................ 71 

Table 4-3. Weight loss vs time data of M2 membrane ............................................................ 73 

Table 4-4. Water weight loss of M3 membrane ...................................................................... 74 

Table 4-5. Water weight loss of M4 membrane ...................................................................... 75 

Table 4-6. Average slopes of membranes................................................................................ 76 

Table 4-7. Water vapour transmission rate (WVTR) .............................................................. 76 

Table 4-8. Water vapor permeance (P).................................................................................... 77 

Table 4-9. Water vapor permeability (WVP) .......................................................................... 77 

Table 4-10. Water weight loss of M1 membrane .................................................................... 80 

Table 4-11. Water weight loss of M2 membrane .................................................................... 81 

Table 4-12. Water weight loss of M3 membrane .................................................................... 82 

Table 4-13. Water weight loss of M4 membrane .................................................................... 83 

Table 4-14. Average Slope=(𝑉𝑟) of membranes ..................................................................... 84 

Table 4-15. Methane gas transmission rate (GTR) .................................................................. 85 

Table 4-16. Methane gas permeance (P) ................................................................................. 85 

Table 4-17. Methane gas permeability (MGP) ........................................................................ 86 

 

 

 

 

 

 

 

 

 



xi 
 

List of Abbreviations 

ASTM American Society for Testing and Materials 

BM biomethane 

CBT coagulation bath temperature 

CA cellulose acetate 

DCM dichloromethane 

DMPC dynamic moisture permeation cell 

EC ethyl cellulose 

EDS energy-dispersive X-ray spectroscopy 

GHG greenhouse gas 

HNTs halloysite nanotubes 

HPC hydroxypropyl cellulose 

ImageJ image processing and analysis in java 

MGP methane gas permeability 

NG natural gas 

NR natural rubber 

PE polyethylene 

PES poly(ether-Sulfone) 

PA polyamide 

PAN polyacrylonitrile 

Pebax polyether block amide 

PEG poly(ethylene glycol) 

PEI polyetherimide 

PEO-PBT poly(ethylene oxide)-poly(butylene terephthalate) 

PET poly(ethylene terephthalate) 

PC polycarbonate 

PDMS poly(dimethyl siloxane) 

PI polyimide  

PLA poly(lactic acid) 

PP polypropylene 

PPO poly(phenylene oxide) 



xii 
 

PSF polysulfone 

PTFE polytetrafluoroethylene 

PU polyurethane 

PVDF poly(vinylidene fluoride) 

PVP poly(vinylpyrrolidone) 

SEM scanning electron microscopy 

SPAI sulfonated polyamide-imide 

TCA trichloroacetic 

WVP water vapour permeability 

WVTR water vapour transmission rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

Statement of Original Authorship 

The work contained in this thesis has not been previously submitted to meet requirements for 

an award at this or any other higher education institution. To the best of my knowledge and 

belief, the thesis contains no material previously published or written by another person except 

where due reference is made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

Acknowledgements 

First and foremost, i would like to express my gratitude and appreciation to my thesis 

supervisor, Prof. DJENNAD M'hamed, for the valuable time he devoted for guiding me, his 

motivation, and specifically, the trust he placed in my personal abilities by allowing me to 

conduct my experimental research with his own tools and in the Laboratory that he instantly 

prepared for the benefit of PHD students. His constant monitoring and guidance helped me 

feeling with the true value of research throughout my PhD period, which ultimately resulted in 

my first publication in the research domain. I was extremely fortunate to be supervised by Prof. 

DJENNAD M'hamed. 

Furthermore, my thanks are expressed to the members of the jury who consented to review the 

thesis and improve its quality. My heartfelt gratitude also goes to my co-workers for their 

presence in times of need, as well as their expertise in assisting with the publication of the 

article. 

Many thanks to everyone, near or far, who contributed to the development of this thesis, 

including all the personnel of the university of Mostaganem, teachers, laborantins, and so on. 

I would like also to express my sincere gratitude to my lovely mother, I would never be having 

success without her support. Also special thanks to my family and sisters, by keeping a great 

atmosphere to complete my thesis. I would like to thank my younger sister who directed me to 

pursue a doctoral degree program. 

Finally, I'd like to express my gratitude to my wife for her patience and extensive knowledge 

in assisting me during the difficult days of my research. Certainly, this thesis and all of my 

successful work were a result of her; she was always close to me, supporting me throughout the 

doctorate period: traveling (Oran, Algiers...), purchasing tools, and years of travel for the 

purpose of the research. I'm glad we have such a wonderful story to tell our children. 

 

 

 

 

 



1 
 

INTRODUCTION 

1.1 BACKGROUND & RESEARCH OBJECTIVES 

Methane gas is an important fuel source for the production of electricity, heat, power, steam, 

electrical generation and vehicular fuel [1]–[3]. Additionally, methane gas is very light and by 

combustion, fewer hazardous emissions are released compared to coal and other fossil  fuels 

[1]. Therefore, it is considered strongly as a clean gas and the best fuel source used for heating 

homes and fuelling vehicles [4], [5]. Methane gas is produced from many sources, both from 

natural and artificial, the main source is coming from natural gas industries, this later is 

classified as “fossil fuel” [6], [7]. Recently, methane gas has gained more attention since it 

became a “renewable source” fuel that can be produced continuously worldwide, from sources 

available anywhere, generally from landfills or through anaerobic digester biogas [7]–[10]. In 

addition, methane is a convenient greenhouse gas that has an estimated global warming 

potential of 28 to 36 times that of CO2 over 100 years [11], [12]. Thus, further interest in 

methane gas arose for the purpose of reducing the impact of greenhouse gas emissions (GHG)  

[13]. Accordingly, the methane gas emitted by the biogas fields is recovered and processed for 

use as fuel [14], or injected into natural gas grids [15], [16]. Both main sources of methane, 

fossil or biogas, contain water vapour in their compositions. Therefore, they present several 

problems for transportation and processing, including hydrate formation, corrosion, erosion, 

slug flow, increased volume flow and a reduced calorific value [17]–[19]. For transportation 

uses, the methane gas is liquefied at lower temperatures [20], [21], where hydrates formation is 

more likely to occur and to avoid that many known processes are used for removal of water 

vapour, by scrubbing with glycol or by adsorption on silicates or molecular sieves (zeolites) 

[18], [22]–[25]. Membrane technology has been introduced in methane-water vapour 

separation, and it has shown several advantages [26]–[28] over other separation processes such 

as lack of demand for chemicals, lower capital and operation costs, higher energy efficiency, 

simple operability, low environmental impact and ease of scaling up [26], [27], [29], [30]. In 

the membrane fabrication process, the selection of the appropriate polymeric material plays an 

important role in the quality and efficiency of membrane separations, as presented by Lin et 

al.[26]: the study considered 12 polymers as representative for CH4/H2O separations, the 

permeability and selectivity are found much higher when using membranes based hydrophilic 

rubbery polymers whereas these two parameters were very low in the case of the selection of 
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membranes based on hydrophobic rubbers. Besides that, the addition of organic or inorganic 

components to the membrane structure has proven to be a very useful method to achieve the 

desired membranes [31]–[35]. Recently, many works presented additive materials where PEG 

material is considered one of the most widely used organic additives, it has received much 

attention as a promising polymeric organic additive for pore forming, the improving 

hydrophilicity, antifouling and improving pure water flux [36]–[40]. A review of the literature 

reveals other advantages of adding PEG: CHINNAN and PARK[41] found that water vapour 

permeability of hydroxypropyl cellulose (HPC) membrane increased significantly with 

increasing PEG content (400 mw). Lin et al.[42] reported that the PEG content affects the WVP 

of polyurethane films and higher water permeabilities occur at higher PEG contents. Similar 

results have been reported by Alakrach et al.[43] for PLA/HNT membranes. 

In the present work, PET material was selected as a base polymer for preparing membranes for 

use in methane gas dehydration. As well known, the pure PET polymer has a hydrophobic 

character and exhibits more resistance to water transport [44] and moreover, it was used, first 

of all, due to its wide availability in the market, very low cost, high temperature and mechanical 

resistance [45]. Second, PET is one of the most well-known polymers used in the manufacture 

of bottles and, consequently, is considered one of the worst wastes for the environment after 

use [45], [46]. Many researchers have worked on the recycling of PET polymer mainly to keep 

it valuable for environmental improvement reason [47], [48]. Along the same lines, our thesis 

studied the use of the hydrophobic PET for the dehydration of methane gas to make PET 

attractive for future dehydration researches and encourage for retrieval of waste PET from the 

environment. In order to improve WVP of PET polymer against its hydrophobic character, a 

hydrophilic polyethylene glycol (PEG) material was used as a polymeric additive in different 

contents, 0%, 10%, 20%, 30%, and 40% (wt./wt.), where, different membranes are formed and 

named as M1, M2, M3, M4 and M5, respectively. All prepared membranes are tested by 

measuring MGP and WVP permeabilities and the results are compared and studied for their use 

in the separation of methane gas and water vapour, necessary for dehydration applications such 

as natural gas or biogas plants. The work of this thesis can be summarised in the graphical 

abstract shown in the Figure 0-1. 
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Figure 0-1. Thesis graphical abstract 

1.2 FRAMEWORK OF THE THESIS STUDY 

This thesis is structured into four chapters in order to emphasize the major topics and outcomes. 

The first chapter provides a review of the fundamental foundation required to understand the 

work in this thesis, including a review on key topics in the fields of gases and membrane 

technology. The second chapter explains all of the processes and materials used in the 

manufacture of PET membranes, such as polymers, solvents, and the equipment utilized, as 

well as the method for testing the permeabilities of water vapor and methane gas. The third and 

fourth chapters are devoted to discussing the acquired results; in the third chapter, the structure 

of the generated PET membranes is well shown and was studied in detail by characterisation 

using techniques such as SEM, EDS and deep SEM images analysis by ImageJ software. The 

fourth chapter addresses the relative nature of the structure of the generated membranes and 

their effect on the performance for methane gas dehydration, as well as a complete description 

of each membrane's separation capacity. Finally, a section headed "Conclusions and future 

perspective" summarizes the study's key results and suggests future avenues for research.  
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Chapter 1 

Ch ap ter 1: Literature review 

This chapter provides the fundamental background necessary to develop a basic understanding 

consistent with this thesis, including the main concepts in the field of gases, emphasizing the 

importance of methane gas, its dehydration for purification with gas separation techniques, and 

the main traditional gas separation processes used for that. In addition, a review of the main 

concepts of membrane technology, with an overview of the use of membrane technology in gas 

separation and in particular in the dehydration of methane gas. This chapter underlines the 

importance of membrane technology as a new concept for methane gas separation. 

1.1 IMPORTANCE OF METHANE GAS 

Methane gas is a flammable molecule, a lighter component and the cleanest hydrocarbon when 

burnt. In the past, most methane gas was produced from natural gas wells, which is a fossil fuel 

source in nature accumulated over millions of years. The old views assumed that due to the 

massive use of methane gas for energy production, the methane molecules are consumed, 

causing all fossil methane sources to disappear, this assessment made the methane gas losing 

its value and being considered to be replaced by another energy source component. These 

assumptions, however, were predicated on the idea that methane was exclusively created from 

fossil fuels in natural gas wells. In reality, the methane molecule has earned its prominence in 

recent years, owing to the fact that methane is not created only from fossil natural gas, but 

occurs spontaneously and constantly everywhere, mainly produced in biological fields, the 

concept is depicted in Figure 1-1, where, three relevant sources of methane are available 

naturally in the atmosphere for methane production: (1) from waste in landfills [49]; (2) 

emissions from livestock [50], [51]; and (3) wastewater treatment [52]. Based on its natural 

biological availability, methane is recognized as a renewable and ecologically pure energy 

source, rendering it a relevant subject for clean energy production and a suitable candidate to 

replace other fossil fuel sources, the fact that its production potential can reach 20-30% of the 

world's natural gas consumption [53]. Many attempts are underway to position it as a dominant 

energy source in the future, as evidenced by the growth indication in the number of biomethane 

plants in Europe from 367 in 2014 to 725 in 2019 [54]. Furthermore, because of the new 
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perspective of methane and its potential availability in nature through biological means,  

methane is valorised in many works, in particular converting it into other value-added chemicals 

such as the production of hydrogen H2 [55], ethylene [56] which is a monomer used for the 

production of polyethylene PE (plastics) [57], as well as the conversion of methane into liquid 

hydrocarbons using GTL technology under forms: kerosene, naphtha, gasoline, diesel and clean 

base oil [58]–[60]. 

 

Figure 1-1. Relevant sources for renewable methane gas production 

1.2 METHANE PURIFICATION FOR EFFECTIVE UTILIZATION 

Raw methane contains other contaminants such as carbon dioxide, hydrogen sulfide, and water 

vapor; their concentrations vary depending on the source of raw methane; they are non-

combustible and causing problems during production if not eliminated; therefore, purification 

of raw methane from these undesirable constituents is required to meet the specifications of 

methane use. Methane dehydration for water vapour removal is a crucial phase in raw methane 

gas processing facilities that prevents the formation of methane hydrates, pipeline corrosion if 

the gas contains acidic components such as carbon dioxide, hydrogen sulfide, and a loss in 
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methane gas heating value. To avoid these issues, the water content of raw methane gas must 

be decreased by the use of appropriate separation techniques [61]. 

1.3 CONVENTIONAL SEPARATION FOR METHANE GAS DEHYDRATION  

Dehydration of raw methane gas can be achieved using a variety of separation techniques. The 

most frequent used are liquid desiccant dehydration, solid desiccant dehydration, and 

refrigerating by cooling the gas [62].  

1.3.1 Absorption-based dehydration 

Absorption is the most common method of drying gases, in which the water vapor in the gas 

stream is absorbed into a liquid solvent that has a high affinity for water, whereby glycols are 

the most commonly used absorption liquids [61]. However, this drying technique presents 

certain environment-related disadvantages due to the pollution caused by venting the BTEX 

(benzene-toluene-ethanol-xylene) into the atmosphere [61], [63]. In addition, it is energetically 

costly due to the necessary of distillation columns to regenerate the glycol, where the energy is 

consumed for the circulation and the heating of the glycol liquid [61].  Nonetheless, absorption 

is more cost-effective than other traditional dehydration processes since it consumes less 

energy, which is why absorption dehydration is commonly used to dry raw methane in the 

natural gas processing plants [62]. 

 

Figure 1-2. Absorption dehydration process 
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1.3.2 Adsorption-based dehydration 

The dehydration of raw methane by adsorption uses solid desiccant for the removal of water 

vapour, it is carried out with a system of two beds, which are filled with adsorbents, usually by 

a molecular sieve, activated alumina, silica gel and silica-alumina gel. The gas is conducted 

through one of the adsorbents, allowing the water vapour to be removed by adsorption 

phenomena, while the methane passes through it and reaches a low water vapor content. The 

adsorbents are redundant, one is in operation for adsorption while the other is regenerated by 

hot gas to ensure continuous dehydration. The process is illustrated in Figure 1-3 [64], [65].   

 

Figure 1-3. Adsorption dehydration process 

1.3.3 Dehydration by refrigeration 

Gas dehydration by refrigeration is a low-cost dehydration method. Water condenses when the 

gas is cooled; the water is then removed in a separator. The separation method can be conducted 

numerous times. The method is most efficient at high pressure. The amount of water removed 

in the refrigeration process is often insufficient. Because of the low cost the refrigeration 

process is often used before the other dehydration processes [66]. 
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1.4 DEHYDRATION OF METHANE GAS USING MEMBRANES 

The conventional methods of water vapor removal by absorption and adsorption may be 

regarded almost acceptable, although their disadvantages consist in the fact that these 

techniques consume a significant amount of energy and notably impact the environment. 

Accordingly, new innovative separation technology using membrane films have been 

developed and are under intensive research and development, which offers many advantages, 

such as separation of components at a lower temperature, reduction of thermal damage to the 

product, separation of the component in its own form, lower energy consumption, easy 

operation, less waste, cleaner environment. Membrane separation has been implemented in 

diverse separation applications, such as wastewater treatment, water recycling, enhanced oil 

recovery, separation of organic liquids, oil-to-gas conversion, and others. In this regard, this 

thesis was established to mainly contribute to the development of to the new membrane 

technology for methane gas dehydration, founded on many works that have been similarly 

developed for methane gas dehydration using membranes, the results are presented in Figure 

1-4, where it is clear that the separation performance depends on the type of polymer-based 

membrane, such Nafion membrane, the dehydration performance of methane gas is 

significantly greater than that of the polyethylene (PE) membrane. Therefore, the selection of 

the right membrane based polymer is crucial for the gas separation efficiency [67].  

 

Figure 1-4. Water vapor permeability (extrapolated to zero activity) and H2O/CH4 selectivity 

at about 30 ◦C in various polymers [67] 
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1.5 PRINCIPLE OF MEMBRANE SEPARATION 

Membrane is semi-permeable barrier, that serves as a filter to separate two phases that can be 

liquid, gas, or vapor. According to the membrane-based material and configuration, the 

membrane performance of the separation as consequence is varying. The principle of membrane 

separation can be presented in the Figure 1-5, where the feed stream is separated into two parts, 

permeate and retentate. The permeate is a term describing the molecules that are passed the 

membrane, while the retentate describes the feed stream which is captured by the membrane 

[68]. 

 
Figure 1-5. Membrane principal separation process  

1.6 MATERIALS USED FOR MEMBRANE FABRICATION 

The membranes are made from a wide variety of organic and inorganic materials.  

1.6.1 Organic Membrane Materials: Polymers 

The organic materials used in the preparation of membranes are polymers, which are 

characterized by a very long chain of small molecules or units called monomers. Polymers can 

be originated from natural or synthetic sources and their use offer benefits over other materials 

by availability, low cost, easily processed into a desired shape and structure for specific 

application [66], [69], [70]. Many works have used polymeric materials according to their 

application for separation, the most used polymers are polycarbonate (PC), cellulose acetate 

(CA), polyesters (PE), polysulfone (PSf), polyimide (PI), polyetherimide (PEI), 
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polytetrafluoroethylene (PTFE), polyamide (PA), polyacrylonitrile (PAN); polyetherimide 

(PEI), , polyether sulfone (PES), polypropylene (PP), poly(vinylidene fluoride) (PVDF) [66], 

[70]. 

1.6.2 Inorganic Membrane Materials 

They have an excellent thermal and chemical stability, from ceramics to metals to inorganic 

polymers. The glass, metal, alumina, zirconia and zeolite membranes are examples of this type. 

Other inorganic materials such as silica, silicon carbide, nitride of silicon, titanium, cordierite, 

oxide of tin, and mica. Inorganic membranes have certain benefit in comparison to polymeric 

membranes, such as high chemical resistance, stable and well-defined pores with high operating 

resistances: for metallic membranes 500-800°C and for ceramic membranes over 1000°C. 

However, they are fragile, costly and difficult to scale [23]. 

1.7 MEMBRANE MODULES  

Figure 1-6 shows the two most common module designs: flat sheet and hollow fiber modules. 

Due to the high compacity offered, the hollow fiber configuration is the most popular on the 

industrial level because of its high specific surface area. The hollow fiber module includes a 

hollow-fiber collection placed in the calendar. One fluid passes through the fibres, the other 

runs across the calendar. Flat sheet modules have a much smaller specific surface area than 

hollow fiber modules, but due to their simplicity of design and easy module configuration are 

preferred for laboratory testing [70]. 
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Figure 1-6. Membrane configuration types 

1.8 MEMBRANE MORPHOLOGY 

As shown in Figure 1-7, the membrane morphology can be divided into two types, isotropic or 

symmetric membrane and anisotropic or asymmetric membrane [70]. 

 
Figure 1-7. Isotropic and anisotropic membranes morphology 
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1.8.1 Isotropic Membranes 

1.8.1.1 Dense nonporous isotropic membranes 

Dense nonporous isotropic membranes are rarely used in membrane separation processes 

because the transmembrane flux through these relatively thick membranes is too low for 

practical separation processes. Isotropic (dense) membranes are usually prepared from solution 

casting by solvent evaporation or by extrusion of the melted polymer [70]. 

1.8.1.2 Isotropic Microporous Membranes 

Isotropic microporous membranes have much higher fluxes than isotropic dense membranes 

and are widely used as microfiltration membranes. The most important type of microporous 

membrane is formed by the phase separation techniques, other techniques are able also to make 

it, the most important: track etching, stretching or leaching, and electrospinning.  

1.8.2 Anisotropic Membranes 

Anisotropic membranes typically have a very thin surface layer supported by a thick 

microporous layer. The thin layer is used as a selective layer to perform the separation while 

the thick microporous layer provides the strength to the membrane. The membrane fluxes are 

usually very high due to the thickness of the selective layer. The anisotropic membranes are 

mainly prepared by: Phase separation membranes, interfacial polymerization membranes, 

solution-coated composite membranes. The nonporous/isotropic membranes are used for gas 

separation, such as the dehydration of methane gas, the dense polymer layer contains no fixed 

pores, the separation is by solution-diffusion mechanism and occurs by the solubility 

differences of the permeant in the membrane material [70]. 

1.9 PHASE SEPARATION PROCESS FOR MEMBRANES PREPARATION 

Many descriptions are often used; they all have a similar meaning to the phase separation 

process, named phase inversion process or polymer precipitation process. The term phase 

separation describes the process most clearly, namely, changing a one-phase casting solution 

into two separate phases. Where a liquid polymer solution is precipitated into two phases: a 

solid, polymer-rich phase that forms the matrix of the membrane and a liquid, polymer-poor 

phase that forms the membrane pores. The Precipitation to form the anisotropic membrane of 

the cast liquid polymer solution can be achieved in many ways: 
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A. Water precipitation (the Loeb–Sourirajan process):  The cast polymer solution is 

immersed in a nonsolvent bath (typically water). Absorption of water and loss of solvent 

cause the film to rapidly precipitate from the top surface down.  

B. Water vapor absorption: The cast polymer solution is placed in a humid atmosphere. 

Water vapor absorption causes the film to precipitate  

C. Thermal gelation: The polymeric solution is cast hot. Cooling causes precipitation  

D. Solvent evaporation: A mixture of solvents is used to form the polymer casting 

solution. Evaporation of one of the solvents after casting changes the solution 

composition and causes precipitation. 

1.10 SOLUTION CASTING FILM APPLICATOR: 

Solution casting is widely applied to generate small samples of membrane for laboratory 

characterisation tests, whereby, a suitable polymer solution is distributed onto a flat plate with 

a casting knife. The casting knife consists of a steel blade, sitting on two runners, designed to 

produce a precise gap between the blade and the plate onto which the film is cast, the necessary 

gap displays the membrane thickness. For casting application, common film applicators are 

frequently used, as depicted in below Figure 1-8.    

 

Figure 1-8. Typical film applicators widely used 
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1.11 GAS SEPARATION MECHANISM IN POLYMERIC MEMBRNES 

The membrane consists of two morphological structures, dense membranes and microporous 

membranes. The separation by porous membrane is controlled by the variation in the pore’s 

diameter whereas in dense membranes, the separation is carried out by diffusion, where the gas 

dissolves into the membrane material and diffuses across it, such as the dissolution of gas into 

liquid. In general, four basic mechanisms promote separation in both structures. Figure 1-9 

clearly depicts them, including convective, Knudsen, sieving, and solution diffusion.   

In the microporous membranes, if the diameter of pores is greater than 0.1 μm (100 nm), it is 

considered a large pore in gas separation; in this case, the gasses separation is carried across the 

membranes by convective flow without any separations, because the kinetic diameters of gas 

molecules are smaller than the pores diameter [71], [72]. When the pore diameter is less than 

0.1 m (100 nm), the pore size is larger than the molecule gas size but smaller than the gas 

molecule's mean free path, allowing lighter molecules to preferentially diffuse through the pore, 

the diffusion is governed by Knudsen diffusion, gas molecules can be separated based on the 

inverse square root ratio of its molecular wight. These membranes are thus limited since they 

are better adapted to systems with high molecular weight ratios [71]–[74]. if the pores of porous 

membrane are on the order of sub-nanometres in the order of gases molecule diameter, then 

gases are separated by molecular sieving. Large molecules are excluded from the pores whereas 

gas molecules with smaller diameter can be transported through the membranes. The main 

limitation in this mechanism is that condensable gases such as water vapour cause fouling and 

directly affected the structure of the membrane [73]. 

In the dense membrane, the gas transport occurs through the following steps: absorption, 

diffusion, and release. In the first place, the penetrating gas molecules dissolve on the 

membrane upstream face (or at high pressure); second, the gas diffuse through the membrane; 

and third, it is released at the downstream (or low-pressure) [72]. 

As is well known, almost of gases molecule having a diameter of about 1-10 Å (0.1-1 nm), 

including methane and water vapor, with a dimeter of 3.8 Å for Methane and 2,65 Å for water 

,therefore, for the separation of water vapor from methane gas by molecular sieving mechanism, 

it requires a porous membrane of a range 3 Å, nevertheless, the separation by sieving is 

performed with a lower performance, first raison is that the diameter of methane and water 

vapor molecules, they are close to each other, and secondly, the potential of water vapor 
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condensation within the pores; blocking the methane passage. For that raison, the dense 

membrane is ideal for methane gas dehydration than microporous membrane.  

 

 
Figure 1-9.  Gas transport mechanisms through membranes 
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Chapter 2 

Ch ap ter 2: Materials and methods for PET membranes 

preparation  

This chapter covers all materials used in this thesis, including polymers, solvents, and 

instrumentation, as well as methods for preparing PET membranes, blending PEG additives, 

and measuring water vapor and methane gas permeabilities to identify the membranes 

performance, even though materials and procedures used to characterize the membranes are 

also detailed in this chapter. The results are not explored in this chapter, alternatively, they are 

discussed in detail in the following chapters. 

2.1 MATERIALS 

2.1.1 Polymers 

2.1.1.1 Polyethylene terephthalate (PET) polymer 

The PET (CZ-302) shown in the Figure 2-1 has a molecular formula of C12H14O4, it was used 

to make a PET film membrane, it is received from Jiangsu Xingye Plastic Co Ltd (China) in 

the form of chips, with an intrinsic viscosity of 0.80 ± 0.02 dL/g. The purchased PET polymer 

is suitable for bottle grade applications as well as a variety of packaging applications such as 

pure and mineral water bottles, distilled and drinking water, flavour and candy containers, and 

PET films. For more details of PET polymer, its specification is shown in the Table 2-1. 

Prior to any use, the PET polymer is pre-washed with distilled water to eliminate any particles 

of dust and is then dried overnight in the furnace at a temperature of 60°C to ensure that any 

residual water and adsorbed moisture are completely removed.   

 

 

 



17 
 

 

Figure 2-1. Polyethylene terephthalate (PET) polymer with chemical structure 

 

Table 2-1. Polyethylene terephthalate (PET) specification 

 

 

2.1.1.2 Polyethylene glycol (PEG) additive polymer 

Polyethylene glycol (PEG) presented in Figure 2-2 has an average Mn ≈ 6000 of linear formula 

H(OCH2CH2)nOH, it is packaged and received from Merck as flakes in a 1 kg plastic bottle, it 

was used as additive for making blended PET/PEG membranes. It may be emphasized that the 

PEG is a hydrophilic polymer, which is a convenient for biological applications since it does 

not induce an immune defence response.  The main applications of PEG are the manufacturing 

of bioactive and immuno-insulating barriers for cell encapsulation. PEG did not undergo any 

further treatment; it is used as received quality. 

Form   Chips 

Mol wt 222.24 g/mol 

Ph Not vailable 

Melting point mp 250-255 °c  

Boiling point bp >170 °c (press: 10 torr) 

Storage temp Room temp 
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Figure 2-2. Polyethylene glycol (PEG) additive polymer with chemical structure 

Table 2-2. Polyethylene glycol (PEG) specification (Specification Sheet: sigmaaldrich.com) 

Form   Flakes 

Mol wt Mn 5,000-7,000, average mn 6,000 

Ph 4.5-7.5 

Boiling point bp 60-63 °c 

Storage temp Room temp 

 

2.1.2 Pure methane gas 

The methane gas is received in liquefied phase stored in cryogenic bottle with a purity of 99.8 

percent; it is delivered from Sonatrach's GNL-2 facility in Arzew (Algeria). The pressure 

necessary for setup is increased by warming the bottle in the water bath; the temperature in the 

water bath should be gradually increased to avoid the cryogenic bottle collapsing by thermal 

chock. 

https://www.sigmaaldrich.com/catalog/DataSheetPage.do?brandKey=ALDRICH&symbol=81260
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2.1.3 PET membrane solvents 

2.1.3.1 Dichloromethane (DCM) solvent 

Dichloromethane (DCM) is received and purchased from Merck in liquid form in a bottle glass 

of 2,5 litters (Figure 2-3), it was used as a PET membrane solvent.  Dichloromethane is a 

colourless liquid with a mild and sweet odour (ether-like odour) of the formula CH₂Cl₂. This 

volatile liquid is almost immiscible with water, a value of 13,2 g/l at 25 °C [75]. It is widely 

used as a solvent for membranes preparation [76]–[79].  

 

 

Figure 2-3. Chemical structure of Dichloromethane (DCM) 
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Table 2-3. Dichloromethane (DCM) specification [75], [80]   

Form   Liquid 

Color   Colorless 

Mol weight 84.93 g/mol 

Ph No data available 

Density   1.325 g/ml at 25 °c (lit.) 

Vapor density   2.93 (vs air) 

Vapor pressure   584 hpa at 25 °c 

Melting point (mp) Melting point: -95 °c at 1.013 hpa 

Autoignition temp 605 °c 

Boiling point bp 40 °c at 1.013 hpa 

Storage temp Cool place, heat sensitive 

 

2.1.3.2 Trichloroacetic acid (TCA) 

TCA with the formula C2HCl3O2, it has a stinging odour, was obtained as a crystalline powder 

in a 500 g glass bottle and was used as is to prepare the membrane solvent, purchased from 

EDEN LABO, SARL, Algeria (Figure 2-4). Trichloroacetic acid in solution phase appears as 

clear colourless crystals with corrosive character for metals and tissues [81]. 

 

Figure 2-4. Trichloroacetic acid (TCA) with chemical structure  
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Table 2-4. Trichloroacetic acid (TCA) specification [81]  

 

 

 

 

 

 

 

 

2.1.4 PET Membrane solvent mixture TCA/DCM 

2.1.4.1 TCA Dissolving in DCM 

TCA is suitable entirely for dissolving PET polymer, and was considered as a strong candidate 

to dissolve PET polymer by its own, nevertheless, TCA is available only in the form of a 

crystalline powder at atmospheric conditions, and it is not possible to use it in a solid form for 

dissolving. For that reason, the TCA crystal is dissolved in DCM solvent and transferred into a 

homogeneous mixing liquid of TCA/DCM solution. The main goal for dissolving TCA was to 

obtain a mixture solution which is able to dissolve the PET polymer. The DCM solvent was 

selected to produce a solvent of mixed homogeneous solution for PET polymer preparation, 

mainly used because when compared to the other solvents, first of all, it is a solvent for TCA, 

at the meantime, it partially dissolves the PET polymer, while water for example as a solvent 

has no advantage to dissolve the PET polymer. 

Due to excessive corrosion of the TCA (PH=2.1), it was difficult to handle the TCA crystals 

during the solvent preparation, as precaution, during the preparation of the mixture solvent 

TCA/DCM, the TCA is dissolved at one time, the use of a lower quantity for repetitive 

preparation is prohibited, for example 500 g of TCA crystal as received is totally dissolved.  

Form Crystalline powder 

Color Off-white 

Mol wt 163.39 g/mol 

Ph 1 at 81,7 g/l at 25 °C 

Density 1,62 g/cm3 at 25 °C 

Vapor density 5,64 (vs air) 

Vapor pressure 1 hpa at 51 °C 

Melting point 

(mp) 

54-58 °C (lit.) 

Autoignition temp Does not ignite 

Boiling point bp 196 °C (lit.) 

Storage temp 2-8°c 
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2.1.4.1.1 Saturation of DCM by TCA 

A minimum volume of DCM solvent is required to completely dissolve the total amount of 

used TCA. Experiments were carried out with the aim of dissolving totally 500 g of TCA 

crystals in DCM solution, the findings are summarized in the points below, in which it is 

concluded that when using the total amount of received TCA of 500 g, at least 200 ml of DCM 

is necessary to dissolve it: 

1. First experience: 100 ml of DCM is added to 500 g of TCA and well stirred overnight, 

however, it was not enough, the TCA is partially dissolved, and the rest was kept in a 

solid status at the bottom of the glass.  

2. Second experience: 200 ml of DCM is added to 500 g of TCA under 24 hours of stirring, 

a homogeneous solution is obtained and used as reference for all experience calculation. 

2.1.4.1.2 Selection of TCA/DCM ration 

The membrane solvent was carefully prepared by dissolving the TCA crystal powder in DCM 

solution, the mixture was stirred at medium speed and at room temperature. In a test to select 

the appropriate proportion of the solvent of the mixture able to completely dissolving the PET 

granules, different proportions of TCA:DCM were prepared ((3:1), (3:2), (3:3), (2:3), (1:3)) and 

tested, the amount of PET was kept constant in the casting solutions at a concentration of 8 wt. 

%. The results carried out for dissolving the PET membrane with TCA/DCM solvent solution 

are shown in Table 2-5. 

For a ratio (1:3), beams of PET remained even after keeping the solution stirred for 48 hours, 

while PET was completely dissolved in other proportions. In this study, the proportion (2:3) of 

TCA: DCM was chosen for the preparation of PET membranes, mainly for cost reasons. the 

price of TCA being 6 times that of DCM.  
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Table 2-5. Ratios of solvent solution TCA/DCM for dissolving of PET membranes  

TCA:DCM ration(%) Observation 

3:1 24 hours of stirring, PET is totally dissolved 

3:2 24 hours of stirring, PET is totally dissolved 

3:3 24 hours of stirring, PET is totally dissolved 

2:3 24 hours of stirring, PET is totally dissolved 

1:3 
48 hours of stirring, beams of PET are 

remained 

 

2.1.5 Non-solvent solution 

Distilled water is used as a non-solvent for PET membrane fabrication, other non-solvents such 

as methanol can be used to dissolve TCA/DCM solvents, and however, distilled water is chosen 

primarily due to its wide availability in the laboratory scale. 

2.1.6 Instruments 

2.1.6.1 Polymers-solvents mixing glass bottle  

The mixing glass bottle is used to blend the mixture of polymers and solvents with the use of a 

magnetic stirrer, it can be pointed out that the use of 50-100 ml syrup glass bottles (Figure 2-5) 

that are used in package of midication liquid is the appropriate type since these bottles having 

the following advantages: firstly, the glass material does not react and does not stick with dope 

solution of polymers, secondly, the non corrosive allimunium screw cap with a silicone seal are 

not soluble with polymer solvents, it should be indicated that a special care must be taken when 

using the gaskets, particularly when the solution contains a light and volatile solvent such as 

DCM with a boiling temperature of 39.8-40 °C, if the sealing is defective, the results will not 

be accurate. Finally, the color of the glass bottle is amber, which preserves the solution from 

degradation and minimizes the effect of sunlight.  
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Before using the bottles for prepartion of the membrane dope solution, the collected glasses are 

first soaked in distilled water for a week, then washed with soapy water and rinsed thoroughly 

with distilled water, after which they are dried in an oven overnight at a temperature of 60°C to 

remove all moisture inside the bottles. 

 
Figure 2-5. Polymers-solvents mixing glass bottle 
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Table 2-6. Mixing glass bottle properties   

Material   Glass 

Glass bottle Color Amber 

Cap material Aluminum cap 

Capacity 50-100 ml 

Aluminum cap color Gold 

Cup gasket Food grade silicone gasket  

Type Screw cap 

 

2.1.6.2 Magnetic stirrer  

For mixing PET membrane mixtures, a magnetic stirrer occupied by a heater with a different 

mixing speed option is used. Stirring is performed by means of a suitable stir bar with a diameter 

of 25 mm, which is introduced with the mixture into the glass bottle. The rate of speed was 

adjusted to the maximum rate at which the solutions should be in laminar regime and no 

turbulence observed producing bubbles. Figure 2-6 shows the process of stirring of the polymer-

solvent mixture in the glass bottle, containing a magnetic stirring bar using a magnetic stirrer.  
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Figure 2-6. Mixing process with magnetic stirrer- stir bar 

2.1.6.3 Dope solution flat glass plate 

The glass plate (Figure 2-7) is used to receive on its surface the PET dope solution, for 

producing flat PET membranes. The material glass is chosen rather than other materials such 

as metals, wood, plastics, because the PET membranes once formed do not stick to its surface, 

thus providing a smooth and flat surface. Limited measures are required to accept the use of 

glass plate for the making of flat membranes. The glass surface should be free of mechanical 

grooves that could affect the development of the membrane, furthermore, it should be kept clean 

of any dust, it is preferable to clean it before use with an antistatic cloth to prevent any attraction 

of microfibers to its surface that would later affect the formed membranes. 
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Figure 2-7. Flat glass plate for dope solution application 

2.1.6.4 Coagulation bath 

The coagulation bath (Figure 2-8) is a glass recipient containing the non-solvent solution which 

is distilled water.  To obtain the structure of the membranes, the dope solution on the glass plate 

is soaked and kept inside the distilled water for removing all the solvents from the dope solution, 

nevertheless, a minimum level of distilled water is required whereby the entire dope solution 

should be covered and immersed in the water.  The temperature of the bath is maintained at 

room temperature, usually the temperature of the climatic environment was on average of 24°C. 
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Figure 2-8. Coagulation bath filled with distilled water 

2.1.6.5 Cup of water 

The water cup also known as a test dish, is homemade fabrication with a circular shape design 

according to the recommendations of ASTM E 96, Figure 2-9 presents all the dimensions and 

layout details including the water cup on the left and its flange on the right.  

The water cup shown in Figure 2-10 is necessary instrument in membrane technology, used in 

our work to perform water vapor permeability measurements of PET membranes to eventually 

determine the performance of PET membranes towards water vapor transport. 

The structure of the cup of water is made by polyamide material, it has been chosen mainly 

over stainless steel because it is non-corrosive, impermeable to water or water vapour and 

specifically light, this last characteristic has the advantage of detecting small changes in weight 

during measurement and obtaining more accurate results. An external flange is also 

manufactured with a bolt clamping system, which is attached to the top surface of the water cup 
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that has a 5 mm strip left around the edge supported with the use of a Teflon gasket to properly 

seal the membrane film around the cup opening and prevent water vapor leakage.  

 

Figure 2-9. 2D layout structure of the water cup 
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Figure 2-10. Water cup with main integrated elements 

2.1.6.6 Flat membrane cell 

The membrane cell is used for determining methane gas permeability of flat sheet membranes, 

it is made of stainless steel with a circular shape and a flat structure. The membrane cell 

presented in Figure 2-10 consists of two chambers, where the inlet chamber contains the gas 

supply, while the outlet receives the permeate gas.  The inlet chamber part is equipped with a 

purge valve in which before supplying the methane gas in this part, the trapped air is purged 

from the valve to obtain more accurate results. In addition, a ledge is made in the middle of the 

two chambers where the circular membrane can be placed with the support of Teflon O-ring 

gasket to ensure the tightness of the membrane film. 

2.1.6.7 Cutting flat sheet membranes 

The cell membrane has a circular shape, requiring more attention when cutting the membrane 

film, hence, an appropriate tool should be used to cut the film into a circle similar to the opening 

of the membrane cell, it could be pointed out that the full roundness of the membrane film 

representing how the membrane will be fitted into the cell membrane and its ability to overcome 
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the gas leakage.  A support disc made of porous stainless steel is used to hang the membrane 

film, it is a piece designed with the same diameter of the membrane cell opening, Figure 2-11 

illustrates its shape as well as how to cut a suitable circular shape.  

Before cutting the film, firstly a special latex glove is used mainly to avoid contaminating the 

membrane. Then, the flat film of the membrane is placed onto the surface of the disc and is cut 

along the edge of the disc with the scissor by holding the scissor at an angle in the direction of 

the center of the film to avoid undercuts. The resulting flat membrane should fit snugly without 

any curvature and protrude from the inner O-ring. 

 

Figure 2-11. Cutting flat sheet membranes steps 

2.1.6.8 Bubble flowmeter 

The bubble flow meter is used to measure the volume flow rate of the permeate gas, where the 

flow rate is the change in volume over time. The Figure 2-12 illustrates a practical example of 

how the flow rate of gas is calculated. 
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Figure 2-12. Schematic of bubble flowmeter 

2.1.6.9 Film applicator 

A film applicator is a wet coating device used to obtain flat sheet PET membranes, on this basis 

a homemade film applicator with a gap of 100 µm is made from a glass material whose design 

principle is based on the same design as the standard commercially available four-sided film 

applicator shown in Figure 2-13, where, two guide brackets supporting a glass rod used for 

straight application providing the desired thickness along the formed membranes. All parts of 

the homemade glass film applicator are bonded with silicone. The film applicator is thoroughly 

cleaned and washed with distilled water and dried before each use. 
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Figure 2-13. Home glass and four-sided film applicators design 

2.1.6.10 Oven 

The oven shown in Figure 2-14 is used to condition the water cup to a warm environment for 

measuring water vapor permeability of PET membranes according to E-96, it has two 

resistances, one at the top and one at the bottom, but only the bottom resistance is used, as it 

faces the water which absorbs the heat, causing the membrane film to be more protected while 

the top resistance is more likely to soften and damage the membrane, as it faces the membrane 

film. A temperature control unit with a residual steel sample occupies the oven and is set to the 

required temperature to comply with the measurement methods of the cup of water. 
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Figure 2-14. Oven structure with temperature controller 

2.1.6.11 Thickness measuring gage 

A certified INSIZE digital micrometer with a resolution of 0.001 mm (series 3109) shown in 

Figure 2-15 is used to measure the thickness of flat sheet PET membranes. For an accurate 

measurement, it is advisable to let the membrane dry completely and then make several  

measurements through the membrane, use the average value of the obtained thickness. 
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Figure 2-15. Measurement with digital micrometer 

2.1.6.12 ImageJ software 

ImageJ is a free program (Figure 2-16), open source, platform independent for image processing 

that is used as a support for SEM images mapping, it facilitates the processing of material 

surface topography for automatic detection and quantification of pores and cell populations, it 

represents a low cost and easy solution to use for counting compared to other methods, 

moreover if compared to manual visualization and counting, it is 10 times faster, and offers 

more reliable and consistent results [82]. Even though, due to ImageJ's program flexibility, its 

use as an automatic surface analysis and counting tool has recently spread to many other 

disciplines, including life sciences [83]–[86], astronomy, and physics [87]. Its primary 

application is solely dependent on the quality of the SEM images, which must be clear and 

high-definition for proper visualization. Following the selection of the SEM image, a dedicated 

step for pore detection and mapping should be followed, and then a feature of the ImageJ 

program allows counting of all the pores. 
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Figure 2-16. ImageJ program overview 

2.1.6.13 Scanning electron microscope 

The FEI Quanta 650 FEG SEM is a variable pressure microscope that provides high-resolution 

imaging scaling to less than 5 nm on a sample size up to 152.4 mm (6 inches). The FEI Quanta 

650 FEG SEM illustrated in Figure 2-17, is equipped with a field emission gun (FEG) that 

allows for both bright and dark field imaging, it can be expanded up to 8 detectors for more 

sample imaging and analysis capabilities. For our analysis needs, the FEI Quanta 650 FEG 

SEM was equipped with an EDS analyzer (Bruker QUNATX EDS XFlash® 6|10), which was 

used also to analyse the porous surface elemental composition of the prepared PET membranes.  

Before any analysis, the sample must be placed in a vacuum environment chamber to prevent 

air molecules from interference with the electrons reaching the sample. This feature is offered 

by Quanta FEG, which provides 3 vacuum modes for the analysis of large sample types: 

• High Vacuum (HiVac) 

• Low Vacuum (LoVac)  

• Environmental SEM (ESEM) 

The high vacuum (HiVac) mode, known as the conventional mode, allows the system to achieve 

the lowest possible pressure < 6e-4 Pa, and generally requires stable and electrically conductive 

samples, meanwhile if the substance is not conductive and has an electrical resistance greater 

than 1010 ohms, such as plastic, polymers, , the sample must be then coated with a conductive 

substance prior analysis, this attribution reduces beam penetration and provides a sharper 



37 
 

image, however, caution is necessary when x-ray analysis is required in this mode, the coating 

may mask elemental of interest for x-ray analysis, and makes inaccurate results. 

Both Low Vacuum (LoVac) and Environmental SEM (ESEM) modes, operating at low 

vacuum, are suitable for imaging a non-conducting or wet sample by generating a gaseous 

atmosphere in the SEM chamber which is supplied by an auxiliary gas or water vapor from a 

built-in water storage tank. The internal pressure reaches a higher pressure in the vacuum mode, 

varying from 10 to 130 Pa in the Low Vacuum (LoVac) mode or between 10 and 4000 Pa in 

the ESEM mode.  Low Vacuum (LoVac) mode is generally selected when the sample is not 

fragile and not conductive such as plastic, fiber. While for ESEM mode, it is usually selected 

in the case of biological specimens composed of materials containing relatively low boiling 

points such as water or other biological fluids which are non-vacuum compatible samples, often 

resulting in specimen destruction [88]–[90]. Water vapor (H2O) when used in imaging 

atmosphere mainly to promote charge suppression of nonconductive specimen and maintain 

sample moisture; alternatively, other gases such as carbon dioxide or nitrogen can be used 

instead [88]–[91].  

The FEI Quanta 650 FEG SEM by accelerating voltage between 0-30 kV, for polymer and glass 

samples 2-6 kV works well and for metals or highly conductive surfaces 10-20kV will provide 

high resolution [88]–[90]. 

The FEI Quanta 650 FEG SEM (Scanning Electron Microscope) is used in our analysis, mainly 

to figure out the morphology of both the cross-section and the surface of the formed PET 

membranes, through allowing to observe the change of the morphology after each addition of 

PEG polymer. 
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Figure 2-17. FEI Quanta 650 FEG SEM equipped with an EDS analyzer (Bruker QUNATX 

EDS XFlash® 6|10) 

 

2.2 METHODS 

2.2.1 Blended PET/PEG flat membranes fabrication  

2.2.1.1 Dope casting solutions preparation 

Different proportions of blended PET/PEG polymers varying from 100%/0%, 90%/10%, 

80%/20%, 70%/30% to 60%/40% were fabricated, named M1, M2, M3, M4 and M5, 

respectively, the composition of the doping solution of each membrane is summarized in Table 

2-7.  

First, a pure PET dope solution M1 was prepared with 0% of PEG content, where 3 g of PET 

flakes is weighted and introduced into a glass bottle of capacity of 50-100 ml, containing 17 ml 

of TCA:DCM solvent solution, the contents are then well mixed by using a magnetic stirrer for 

a total duration of 16 h. For blending of PEG into PET, the formed pure PET dope solution M1 

was kept stirring whereby the desired percentage of PEG is added slowly to form M2, M3, M4, 

M5. The preparation of membranes was made by the process of wet/dry phase inversion. 
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Table 2-7. Compositions of dope casting solutions of PET membranes 

Membrane 

code 

Membrane composition  

(wt%) 

PET PEG 

M1 100 0 

M2 90 10 

M3 80 20 

M4 70 30 

M5 60 40 

 

2.2.1.2 Coating of PET membranes 

The formed homogeneous casting solution was kept inside the glass bottle at room temperature 

for about 12 hours to remove air bubbles, then it was poured onto a glass plate at room 

temperature using a homemade glass film applicator with a gap of 100 µm (Figure 2-18-A). 

Prior to use of the glass plate, it is essential to ensure that it is not covered with dust or dirty. In 

particular, eliminate any source of airflow, such as the laboratory windows or other air generator 

source, to avoid micro-dust being blown in by airflow or projection of dusty air from the outside 

environment onto glass plate, an area that generates dust would affect the formation of the final 

shape of the membrane. 

The poured dope solution is coated by pushing the film applicator towards the dope solution 

forcefully on the glass plate until the end to keep a constant gap (Figure 2-18-A). After coating, 

the pouring solution was kept for 5 minutes at room temperature and atmospheric conditions 

(Figure 2-18-B). Afterwards, it was immediately immersed into the coagulation bath of distilled 

water at room temperature for a period of more than 24 h to almost thoroughly remove the 

solvent and the water-soluble polymer (Figure 2-18-B).  
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Figure 2-18. Coating of PET dope solution 

2.2.1.3 Drying of PET membranes 

The formed membrane inside the coagulation bath is removed and kept inside a water paper 

filter for a period of 24 hours for drying, after which the thickness was measured in 5 points by 

a certified digital, to check the consistency of the shape. 

2.2.2 Membrane’s characterization  

For PET membranes characterization, three main characterizations are used: Scanning Electron 

Microscope (SEM), Energy Dispersion of X-ray (EDX) and Surface characterization 

2.2.2.1 Scanning Electron Microscope (SEM) 

The goal of the SEM characterization is to assess the development of the PET membrane 

morphology as a result of the PEG addition. SEM images are taken for all formed membranes 

M1, M2, M3, and M4, both on the surface and on the sectional profile, whereby the surface 

SEM is performed on the porous area that is later used for characterization of the pores and 
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their distribution, and the sectional images to validate the profile shape and, in particular, the 

development of pores deeply inside the membranes. 

Initially, the membrane sampling is sliced into a 1cm square form and placed within the vacuum 

chamber on the specimen holder. Usually, for the best sampling results, keep the workplace 

clean at all times and use gloves when handling samples. Because the membrane is a polymer 

and is not conductive, a low vacuum mode with a water vapour atmosphere (H2O) is used as 

an imaging gas, and a high accelerating voltage of up to 20 kV is utilized throughout. It should 

be mentioned that if there is any uncertainty about the sample being contaminated with such as 

oil, grease, soil or liquid including touched human skin, the sample should be cleaned by 

immersion it into effective solvents like acetone or methanol solvent for 15 minutes and then is 

dried prior to loading for sampling [92].  

2.2.2.2 Energy Dispersion of X-ray (EDX) 

An EDS analyzer (Bruker QUNATX EDS XFlash® 6|10) integrated with a scanning electron 

microscope (FEI Quanta 650 SEM) presented in Figure 2-19 was used to identify the elemental 

composition of prepared PET membranes. The EDS data of the membranes are collected at the 

same time when performing the SEM image of the surface of the film membranes, and therefore 

the EDS mapping data was only for the membrane surfaces. EDS is performed to validate the 

use of the PET membrane and confirm that no interfering materials are incorporated for possible 

contamination during membrane preparation or handling. 

 

Figure 2-19. EDS analyzer (Bruker QUNATX EDS XFlash® 6|10) 
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2.2.2.3 Surface characterization 

The purpose of the PET membrane surface characterization was to first determine the effect of 

the PEG additive on the pores size and distribution of the porous surface, and then to 

comprehend the relationship between these parameters and membrane performance. The size 

and distribution of pores are measured at each PEG polymer addition, where overall, only the 

sublayer surface was analysed, while the dense layer/skin was not, as it is considered non-

porous. 

In order to determine the pores size and distribution of the sub-layer surface of prepared 

membranes, the SEM images of porous surface are deeply analysed by the software 

(ImageJ)[93]. The principle of this method is based on extracting binary images from SEM 

images, and then distinguish the pores from the matrix, wherein a black component represents 

the pores and the white element represents the membrane matrix [94]. 

2.2.2.3.1 Procedure for SEM image analysis using image J 

The purpose was to analyse the SEM surface images to determine the pores diameter of PET 

membranes. Four main steps are followed, which are listed below and well described in the 

Figure 2-20, Figure 2-21, Figure 2-22, Figure 2-23. 

1. Calibrate the SEM image 

The image calibration applies a conversion factor to SEM images by converting pixel distance 

unit to real metric distance unit. This information is later used in the SEM image analysis where 

all measurements are being expressed in µm. 

a. Steps to calibrate the SEM image 

i. Select SEM image. 

ii. Choose straight line and scroll it on the SEM scale bar.  

iii. Select Analyse, then set scale, put the unit in µm, fill of the scale of the original 

SEM image in known distance field. 
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Figure 2-20. SEM image calibration 

2. SEM image pre-treatment 

Before scanning, the SEM image is pre-treated to retain only the porous area while removing 

the scale bar and any other included support information. This was mainly done to avoid 

interfering with the thresholding of the pre-treated images. Furthermore, the SEM image quality 

is adjusted to suit the automatic analysis. 

a. SEM image pre-treatment steps  

iv. Duplicate the calibrated SEM image by removing the scale bar. First, select the 

rectangle and frame the porous area of image without scale bar, right click on 

the image then select duplicate, the image will appear without scale bar.  

v. Go to Image and select 8 bits.  
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vi. Go to Process » FFT » Bandpass filter and select a value greater than 100. 

 

Figure 2-21. SEM image pre-treatment steps 
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3. Image Threshold  

The threshold step is to convert the pre-treated SEM image into a binary image, which 

makes the pores of the membrane surface structure more visible and distinguishable. 

a. Image Threshold steps  

i. Go to Image » adjust » Threshold. In the box adjust the image to more visualize 

the pores, select dark background and black and white option, it is advisable to 

clean image before pores size distribution analysis. 

 

 

Figure 2-22. SEM image pre-treatment steps 

4. Particles size analysis 

In this step, the program examines the binary image to detect all of the pore’s distributions, then 

converts them into data that includes the number of pores associated with their area dimension. 
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a. Particles size analysis steps  

vii. Select Analyze » Analyze particles, then select outline in show type, then set 

display results and include holes. 

viii. Save the results of the pores size distribution.  

 

Figure 2-23. Pores size analysis steps 

5. Pores size diameter calculation  

From the ImageJ program, which well presented in Figure 2-23, the pores area size is 

automatically calculated and produced in a file that is downloaded and processed into the Excel 

file. Typically, the calculation of pores size diameter was based on the intensity of the pores 
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area form, which were globally in accordance with the processed images appear to be circular, 

accordingly, the formula for the circular area shown in the above equation (2-1) is used for the 

calculation of pores diameter, this formula is applied as a function in Excel to enable the 

automatic calculation of all pore’s diameter, a typic Excel sheet model that is used, is illustrated 

in the Figure 2-24. 

 

 

Where: 𝑨 is the aera of pores generated by ImageJ (µm) 

 

Figure 2-24. Excel model for calculation of pores diameter 

6. Pore’s diameter size distribution  

After calculation of the pores size diameter in Excel, the data are transferred into Origin data, 

the function histogram diagram is used for figure out the distribution of the pores whereby the  

number of pores was adjusted as function against the pores size diameter. 

𝐃 = (√𝑨
𝝅⁄ ) × 𝟐 (2-1) 
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2.2.3 Performance of the membranes 

2.2.3.1 Water vapour permeability set-up  

Two methods are commonly used to measure water vapour permeability: the “cup of water” 

and the dynamic moisture permeation cell (DMPC) [95]. Due to its availability and as it is easy 

to scale up, the ‘’cup of water’’ method was used in the present work where the water vapour 

transmission rate (WVTR) through the prepared PET membranes was calculated using the 

method described in ASTM E 96 [96].  

First, the prepared PET membranes were shaped into a disk shape similar to the mouth of the 

cup with a thickness of between 60 and 130 μm (Figure 2-11), before placing the membranes, 

the test dish is filled with distilled water to the level (19±6 mm) above the specimen using a 20 

ml syringe. An air space is left above the distilled water, principally to ensure that the water 

does not touch the specimen when handling the dish. It may be noted that some materials, when 

touched with water, can lead to inaccurate results of water vapour permeability. The depth of 

water should not drop below 3 mm to ensure coverage of the bottom of the dish throughout the 

test. As the water is filled, the shaped circular membranes were carefully placed around the 

edges of the cup and sealed with the support of a silicone gasket, the bolts are tightened at the 

end whereby an effective area of 30.19 cm2 is obtained. Afterwards, the cup assembly is 

initially weighed and then placed into the home-made oven where the temperature is kept by a 

controller around 37-39 °C (Figure 2-14). Humidity was also controlled around 30% by keeping 

the oven door open during all experiments. The dish was removed and weighed every 2-3 hours 

and was carried out in three replicates test whereby the values were recorded during weighting 

of water cup to measure the mass of water lost as a function of time and to calculate the WVTR 

in the equilibrium region. The water vapour permeability (WVP) is calculated when the 

permeance is identified from equation (2-4), it can be calculated by the raw formula presented 

by the equation (2-5) [96]. 

2.2.3.1.1 Water vapor transmission rate (WVTR) 

The water vapor transmission rate of flat sheet PET membranes is determined by graphing the 

mass of water lost as a function of time and using the equation (2-2) illustrated above:  
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Where: 

𝐆 = weight change (from the straight line), g, 

𝐭 = time, h, 

𝐆/𝐭 = slope of the straight line, g/h, 

𝐀 = test area (cup mouth area), m2 

𝐖𝐕𝐓𝐑 = rate of water vapor transmission, g/h·m2 

 

2.2.3.1.2 Water vapour permeance (P) 

 

Where: 

∆p = Vapor pressure difference, mm Hg (1.333 × 102 Pa). 

S = saturation vapor pressure at test temperature of 37 C ̊, mm Hg (1.333 × 102 Pa). 

R1 = relative humidity in the water dish.  

R2 = relative humidity at the furnace.  

At 37 °C, the saturation water vapor pressure is 46 mmHg (6254.436 Pa). 

 

2.2.3.1.3 Water vapor permeability (WVP) 

The permeability is the multiplication of permeance by membrane thickness. When the 

permeance is calculated and the thickness average is determined by the digital micrometer, the 

𝐖𝐕𝐓𝐑 =
𝐆

𝐭 × 𝐀
=  

𝐅𝐥𝐮𝐱

𝐀𝐫𝐞𝐚
 (2-2) 

𝑷 =
𝐖𝐕𝐓𝐑

∆𝐩 
=

𝐖𝐕𝐓𝐑

𝐒 (𝐑𝟏 − 𝐑𝟐)
 (2-3) 
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water vapor permeability (WVP) then can be calculated from the equation (2-4) demonstrated 

below: 

 

 

Where: 

𝑙= Thickness, µm 

By incorporating equations (2-2), (2-3), (2-4). The permeability can then be formulated in the 

following raw equation: 

 

 

Where: 𝑮 is the weight change (g), 𝒍 is the thickness of membrane specimen (µm), 𝑺 is the 

vapour pressure at test temperature (37 °C), 𝑹𝟏 is the relative humidity in the dish (nominally 

100% for the water), 𝑹𝟐 is the relative humidity inside the oven, 𝒕 is the time (s), 𝑨 is the test 

area (m2).  

2.2.3.2 Methane gas permeability set-up 

The Methane gas permeability MGP of prepared PET flat sheet membranes was determined by 

the volumetric procedure described in ASTM D1434-82 (2015) [97], in this method, a 

volumetric gas transmission cell is used, which involves an upper and lower pressure chambers.  

During the experiment for performance measurement, the upper pressure chamber is kept 

constant and the lower pressure chamber is kept at a pressure near to atmospheric pressure, the 

transmission rate through the test sample is derived by the difference pressure and reflected by 

means of downstream volume change measurement. The experimental setup of methane gas 

permeability measurement is adopted to the standard, which is shown in Figure 2-25 and is 

thoroughly depicted in Figure 2-26. 

𝐖𝐕𝐏 = 𝐏𝐞𝐫𝐦𝐞𝐚𝐧𝐜𝐞 × 𝒍 (2-4) 

𝑾𝑽𝑷 =
𝑮. 𝒍

𝑺. (𝑹𝟏 − 𝑹𝟐). 𝒕. 𝑨
 (2-5) 
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As shown in Figure 2-26, the PET flat sample is first placed between the two chambers of the 

cell membrane and clamped with the appropriate gasket support, after which the circuit is 

checked for leaks, this is further described in the next section. Methane gas is then delivered on 

its high-pressure side and held to flush out all air through the purge valve, a minimum of 10 

minutes for the sweep is ensured at a flow rate of approximately 100 mL/min. Once the 

membrane circuit is ready, the methane gas control supply pressure is adjusted on the sample 

and held at the desired pressure of 37 cmH2O, the permeate gas escapes from the low side at 

ambient pressure, and then fed into a bubble flow meter. The amount of gas escaping during 

the unit time was measured using the soap bubble method described in Figure 2-12. A straight 

line was obtained by plotting the position of the capillary soap against the elapsed time, the 

volume flow rate (𝑽𝒓) is then determined. The permeability to methane gas is given by the raw 

equation (2-10) [97], which is sort out from the permeance equation (2-6). 

 

Figure 2-25. Experimental setup for MGP measurement cross PET membranes 
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Figure 2-26. Practical experimental setup for MGP measurement  

2.2.3.2.1 Cell chamber and connections sealing test 

To ensure accurate and error-free results for permeability measurement, the cell membrane and 

all connections are checked for potential leaks.  Two pressure gauges are installed upstream 

and downstream of the cell membrane in such a way that the tubing including the cell membrane 

is kept isolated by plugs, the downstream is closed by a plug.  

First, the upstream gas is introduced from the high-pressure side, and when the circuit is 

pressurized until it is a little higher than atmospheric pressure, the gas supply is cut off. waiting 

for it to equal the upstream pressure, then the circuit is kept under pressure for 5 minutes to 

observe the pressure changes on both sides. If the pressure is held constant, identical in the 

upstream and downstream sides of the chamber, which indicates that there is no leakage, 

contrariwise, all joints and fixing points must be checked with soapy water, bubbles may be 

observed in the case of a non-tight connection which must be tightened to provide a leak-free 

circuit, the test should be repeated until no leakage is identified. 
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2.2.3.2.2 Volume-flow rate of methane gas (𝑽𝒓) 

The experimental data of escaped volume of methane gas versus elapsed time for each 

membrane is fitted in the equation (2-6). For more accurate results, the experiment is repeated 

three times for each membrane where the curve of the obtained points is drawn and then the 

best straight line is adopted.  

  

𝑽𝒓 = 𝒔𝒍𝒐𝒑𝒆 × 𝒂𝒄 
(2-6) 

 

Where: 

𝑽𝒓 = volume-flow rate, ml/s.  

𝒔𝒍𝒐𝒑𝒆 = rate of rise of capillary slug, mm/s. 

𝒂𝒄= cross-sectional area of capillary, mm2. 

 

2.2.3.2.3 Methane gas transmission rate (GTR) 

The methane gas transmission rate (GTR) of PET membrane is determined by the following 

equation: 

𝑮𝑻𝑹 =  𝟏𝟎−𝟔 .
𝑷𝟎. 𝑽𝒓

𝑨𝑹𝑻
 (2-7) 

 

Where: 

𝑮𝑻𝑹 = gas transmission rate (𝑚𝑜𝑙 · 𝑚−2 · 𝑠−1) 

𝑽𝒓 = volume-flow rate (L/s) 

𝑷𝟎 =  is the ambient pressure (Pa) 

𝑨 is the test area (mm2) 

 𝑹 is the universal gas constant (𝑹 = 8.3143 × 103 L · Pa/mol · K) 
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 𝑻 is the ambient temperature (K).  

2.2.3.2.4 Methane gas permeance (P) 

The methane permeance (P) is defined as the result of the ratio between the gas transmission 

rate and the differential pressure of the transmitted methane gas and is expressed by the 

following formula: 

 

𝑷 =  
𝑮𝑻𝑹

(𝑷 − 𝑷𝟎)
 (2-8) 

Where: 

𝑷𝟎  is the ambient pressure (Pa) 

 

2.2.3.2.5 Methane gas permeability (MGP) 

The MGP permeability is defined as the product of the permeance and the film thickness. It 

might be stated that the thickness of each membrane is measured at different points by a digital 

micrometer, an average for each specimen instead is used for the calculation. 

 

𝐌𝐆𝐏 = 𝑷. 𝒍 (2-9) 

 

By incorporating the equation (2-7), (2-8), (2-9), the above raw methane gas permeability 

(MGP) is presented in the following equation: 

𝐌𝐆𝐏 = 𝟏𝟎−𝟔.
𝑷𝟎. 𝑽𝒓. 𝒍

(𝑷 − 𝑷𝟎). 𝑨𝑹𝑻
 (2-10) 

 

Where:  𝑷 is the upstream pressure (Pa), 𝑷𝟎  is the ambient pressure (Pa), 𝒍  is the thickness of 

membrane specimen (µm) , 𝑽𝒓 is the volume-flow rate (L/s), 𝑨 is the test area (mm2), 𝑹 is 

the universal gas constant (𝑹 = 8.3143 ×  103 L · Pa/mol · K), 𝑻 is the ambient temperature 

(K).  
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Chapter 3 

Ch ap ter 3: Characterization of prepared PET-based membranes 

In this chapter, the structure of the formed PET membranes is observed in depth by the 

characterization with media such as SEM images, the data are then scanned with ImageJ 

application. EDS analysis are performed for the confirmation of the structural components used 

in the formation of the membrane structure. Further discussion is considered on how the relative 

nature of the membrane structure affects the performance of methane gas dehydration. 

3.1 FORMATION OF FLAT SHEET MEMBRANE 

Figure 3-2 shows images of the prepared membranes M1, M2, M3, M4 and M5. It is mainly 

observed that the shape of the membranes M1, M2, M3, M4 is well developed while for M5 it 

is not correctly formed, the excess of PEG content (40%) led to the build-up of large holes in 

the range of 1 to 5 mm. This is explained by the higher solubility of PEG in the water 

coagulation bath, when the PEG content is high in the castled solution and is immersed in 

coagulation bath of distilled water, a part of PEG comes out of the castled solution and dissolves 

in distilled water, which results in getting final large holes in the membranes. 

Several experiences are performed for the formation of M5 membranes, where the obtained 

data gave the same results, an appearance of holes through hole the membrane surface, Figure 

3-1 demonstrates well the formation of holes in distilled water coagulation bath. 

 

Figure 3-1. Holes build-up in distilled water coagulation bath for M5 membrane (60%/40%) 
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Figure 3-2. Build-up of PET/PEG membranes: M1 (100%/0%), M2 (90%/10%), M3 

(80%/20%), M4 (70%/30%), M5 (60%/40%) 

 

3.2 SECTIONAL AND TOP SURFACE MORPHOLOGY OF MEMBRANES  

From SEM images of top surface of the membranes in Figure 3-3, the morphology of 

membranes is notably modified, in particular, half-sphere-shaped macro-voids are formed, and 

are distributed specifically in abundance on the surface of the membranes M3 and M4, their 

diameters increased with each increase in the PEG content, as such as, with an increment of 

10% of the PEG content, the diameter of the macro-voids tripled from 35 µm in M3 to 100 µm 

in M4. 
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Sectional SEM images of membranes M1, M2, M3, and M4 are shown in Figure 3-4. All 

membranes clearly showed an asymmetric structure: thin, dense top layer and a sponge-shaped 

sub-layer structure. The resulting change in the morphology of the prepared membranes is due 

to the delayed de-mixing process. It may be noted that the delay in the de-mixing process leads 

to the formation of a spongy structure, while an instantaneous de-mixing facilitates the 

formation of a finger-like structure [98]. One of the factors that contributed to the spongy 

morphology was specifically the presence of DCM solvent with a higher content ratio in the 

TCA/DCM solvent mixture (2:3). The solvent dichloromethane (DCM) is basically a solvent 

with a lower miscibility power with the non-solvent (distilled water), its presence with a higher 

proportion in the solvent of the mixture of TCA/DCM (2:3) made the mixture also gain lower 

miscibility [99], this property provided the exchange rate in a slow process, thus leading to the 

formation of a spongy morphology and a dense top layer [100].  

The SEM cross-sectional image of the pure PET membrane M1 shows the formation of a light 

porous layer which does not appear in abundance. By varying the concentration of PEG in the 

casting solution, the membranes showed changes in their morphology: an increase in the PEG 

content makes the top layers thicker and a more porous sub-layer is produced [101], the addition 

of 10% PEG content (M2 membrane) resulted in a spongy sub-layer with clearer pores 

compared to M1, a similar observation is noted for M3 and M4 membranes. In conclusion, the 

addition of PEG induced a substantial increase in the porous area [5], [6]. It seems interesting 

to underline the same observation found by Samuel et al.[103], when PEG additive is added, 

the PET membranes generated more porous area. In fact, the PEG is a water-soluble polymer 

and it is considered as a pore former, useful to control the morphology and the porosity of the 

resulting membranes [104]. The increase in porosity suggested to be due to the leaching of the 

PEG additive from the PET dope solution.  PEG is hydrophilic polymer and has a good affinity 

and solubility with the non-solvent (water), when mixed with the dope solution and immersed 

in the coagulation bath, most of the PEG additive leach out of the polymer solution and diffuse 

into the water bath, leaving spaces that become micropores, which induce a porous membrane. 

This is in good agreement with the SEM cross-sectional results (Figure 3-4) and the 

observations of increased porous surface area in the obtained PET membranes [105], [106].  
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Figure 3-3. Scanning electron microscopy images of the porous sub-layer surface of PET 

membranes.  (M1, no added PEG; M2=10% PEG; M3=20% PEG, M4=30% PEG) 
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Figure 3-4. Scanning electron microscopy images of membrane cross sections. (M1, no 

added PEG, M2=10% PEG, M3=20% PEG, M4=30% PEG) 
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3.3 SURFACE CHARACTERIZATION 

The results of SEM sub-layer surface of the membranes that are analysed using ImageJ software 

are presented in Figure 3-5, where the data of the pores size and distribution of the membranes 

are shown in Figure 3-5A and the images analysis of the surface of the membranes in Figure 

3-5B. From the results of the sub-layer surface analysis shown in Figure 3-5B  
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Figure 3-5. SEM suface analysis of membranes : A- Pores size distribution of membranes, B- 

Detected pores in binary SEM images: black = Pores, white = membrane matrix 
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3.3.1 Membranes M1 

Four areas, A, B, C, and D, were subjected to SEM examination, a scale up to 10 µm is adjusted 

in order to uncover precisely the geometry of the membrane surface. All of the collected images 

are shown in Figure 3-6, where it is visible that, on the surface of the pure PET (M1) membrane 

sub-layer, the pores are mostly unformed in all SEM cases A, B, C, and D, with detection only 

one pore. Constantly, the formation of macro voids is not observed, which makes the membrane 

more solid, the surface of the membrane seems rough with deep and steep edges.  

Based on the ImageJ scan shown in Figure 3-5B, the surface of the membrane appears having 

pores diameter in the range of 0.7-0.84 µm. 

 

Figure 3-6. M3 SEM image of sub-layer surface 

3.3.2 Membranes M2 

In comparison to the M1 membrane, M2 membrane has become significantly porous through 

all of its surface, as presented in Figure 3-7Figure 3-7. M2 SEM image of sub-layer surface, the 

pores distributed symmetrically, it might be noted that this change of the pores development 



63 
 

was a result of the addition of PEG, the pores diameter is in the range of 0.05 µm to 5 µm, most 

of the pores formed having diameters in the range of 0.05 µm to 1 µm.  

 

Figure 3-7. M2 SEM image of sub-layer surface 

3.3.3 Membranes M3 

The obtained sublayer surface SEM images of M3 membrane are presented in the Figure 3-8, 

the image zoomed out up a scale of 10 µm, to focus on the shape details of the membrane 

surface, it is observed a development of macro-voids of half-sphere shape on the surface of the 

sub-layer of M3 membrane, the pores are also formed and they are intensely developed 

compared to the membrane M2, they are located inside the walls of macro-voids structure and 
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on the flat surface of the sub-layer. It can be concluded that most of the pores are located inside 

the macro voids. 

By analysing M3 membrane surface with ImageJ, the obtained results are presented in Figure 

3-5B, where the size diameter of the pores is found distributed in the range of 0.3 to 7.47 µm, 

most diameters vary from 0.3 to 3 µm.  

  

Figure 3-8. M3 SEM image of sub-layer surface  

3.3.4 Membranes M4 

For the M4 membrane, it might be expressed that the surface of the sub-layer is almost occupied 

by large half-sphere-shaped macro-voids with diameters of up to 100 µm, and that the pores 

formed are found located almost inside the macro-voids (Figure 3-9). For this reason, the 

surface analysis was focused inside the macro-voids, the pores diameter is found ranging from 

0.7 to 9.46 µm and most of them having diameters between 0.7 and 3 µm.  
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Figure 3-9. Zoom out inside the macro voids of M4 membrane sub-surface  

3.3.5 Membranes mean pore diameter  

Based on the findings of pores size, the mean pore diameter is calculated and the data is shown 

in Figure 3-10, it is observed that the mean pore diameter of the sub-layer surface increased 

with the increasing of PEG content, such as this result is also attributed to the formation of 

macro-voids structure on the sub-layer surface that favours the increase of the membranes pores 

diameter. A similar observation has been reported by Yunos et al.[107] using PEG as additive 

in polysulfone membranes. 
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Figure 3-10. Sub-layer mean pore diameter of PET/PEG membranes 

3.4 ENERGY DISPERSIVE X-RAY SPECTROMETRY 

Figure 3-11 shows the intensity of X-ray generated per second relative to the projected energy 

beam for the membranes M1, M2, M3, M4. The location of the energy of pick intensities is 

useful for qualification, hence provides the identification of the corresponding element in the 

sample. From the spectrums obtained from the membranes, three energy picks are identified, 

carbon (C), oxygen (O) and chlorine (Cl). Indeed, exempted (H), all the elements of the 

products used for the preparation of the membranes are captured: chlorine atoms (Cl) are mainly 

sourced from used solvent mixture of Dichloromethane (DCM)/Trichloroacetic acid (TCA) of 

chemical formula CH2-Cl3 /Cl3-COOH respectively, while carbon (C) and oxygen (O) are found 

in addition to the solvents: in the PET polymer (−OOC−C6H5−COOCH2−CH2−)n and PEG (H-

(O−CH2−CH2)n−OH). The hydrogen (H) is not identified in the spectrum. Generally, EDS does 

not work for elements with a low atomic number, hydrogen is light with no core electrons which 

can be removed to allow X-ray emission and detection by EDS [108], [109]. On the other hand, 

the intensity of the X-ray peaks allows establishing the concentration of the element, the results 

obtained are summarized with the graphs of the spectrum in Figure 3-11, there might not be a 
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significant change in the distribution of the elements, an average value of C: 59%; O: 34% and 

Cl: 5.50%. 

The variation in x-ray intensity in the spectra is believed to be the effect of the surface 

morphology of the membrane sub-layer. Figure 3-3 shows macro-voids distributed along the 

surface of the membranes, which contributed in making the surface rougher, this later compared 

with the intensity of x-rays from a smooth surface is not constant. Specifically, x-rays from 

lower parts of deep macro-voids may not reach the detector analyzer due to a shadow effect. 

The depth is variable in correlation with the geometry of each macro-void, which could lead to 

a variation in the intensity of the received X-ray [110].  

According to all of the EDS materials detection data, no material contaminant is found that is 

not used in the preparation and formulation of PET and PEG polymers. 
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Figure 3-11. Energy dispersive X-ray spectrometry images of the sub-layer surface of PET 

membranes.  Series = characteristic X-ray lines, C [wt. %] = the concentration in weight 

percent of the element 

 

 

 

 

 



69 
 

Chapter 4 

Ch ap ter 4: Methane gas dehydration by PET-based membranes 

The measurement of the permeability of the water vapour (WVP) and methane gas for the 

obtained PET membranes M1, M2, M3, M4, is shown in this chapter. The results are thoroughly 

examined to determine the performance separation of each membrane for removing the methane 

gas from water vapor (methane gas dehydration). All influencing parameters on separation 

performance, such as the effect of the PEG addition, are thoroughly discussed. 

4.1 WATER VAPOR PERMEABILITY MEASUREMENT (WVP) 

4.1.1 Membrane’s thickness 

A duplicate measurement is undertaken for each flat sheet membrane M1, M2, M3, M4 to 

calculate the water vapor permeability (WVP). It should be noted that the used membrane 

cannot be reused for another experiment, because it loses its original thickness and 

characteristics after the permeability test, an example of the thickness loss of the M2 membrane 

is shown in Figure 4-1, a loss of 15 µm is observed. This phenomenon was observed on all 

prepared membranes after the water permeability test of the membranes. This variation can be 

explained by the continuous force of water vapor during the WVP measurement, which causes 

the membrane to elongate. 

In comparison, M1 shows more considerable thickness loss, which matches the water vapor 

permeability results, it might be note that a higher resistance to water vapor permeance, leading 

to greater thickness loss due to greater expansion by water vapor pressure. As the PEG additive 

increases, the water vapor permeability increases and the resistance is lower, leading to little 

thickness loss. 

The used membranes to calculate the water vapor permeability (WVP) have such a circular 

form with an affective area that fits the cup water of 0,003019 m2, the thickness is measured at 

various points, the sequential numbering of the membranes with the average value of thickness 

is presented in  

Table 4-1. 
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Figure 4-1. Membrane thickness loose after water vapor permeability test 

Table 4-1. Average thickness of membranes 

 

 

4.1.2 Water vapor transmission rate (WVTR) 

The water vapor transmission rate (WVTR) of flat sheet PET membranes M1, M2, M3, M4 is 

determined using the equation (2-2), defined as the flux across a membrane effective aera. The 

flux is calculated by plotting the weight loss of water vapor of membranes as a function of time, 

then using the function for the best fit of the results to find the slope value.  

Based on the similarity of equation (2-2) with the equation of line Y=ax+b of the weight loss, 

the flux is considered equal to the value of the slope. All the water weight loss data of the 

membranes are listed in the tables below: Table 4-2, Table 4-3, Table 4-4, Table 4-5.  

Membrane Average thickness (µm) 

M1-1 90 

M1-2 80 

M2-1 120 

M2-2 75 

M3-1 120 

M3-2 110 

M4-1 110 

M4-2 110 
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4.1.2.1 M1 Membrane flux 

The data recorded from the experiment of the cup of water for the membrane M1 are shown in 

the Table 4-2. 

Table 4-2. Weight loss vs time data of M1 membrane  

M1-1 M1-2 

Thickness: 90 µm Thickness: 80 µm 

Weight loss (g) Time (min) Weight loss (g) Time (min) 

0 0 0 0 

0,3 120 0,2 120 

0,4 240 0,4 240 

0,6 360 0,6 360 

0,8 480 0,7 480 

1 600 1 600 

1,3 720 1,2 720 

1,5 840 1,4 840 

1,8 960 1,6 960 

2 1080 1,7 1080 

 

By graphing the data presented in the Table 4-2 of the weight loss versus time, the Flux is 

determined which represents the slope value, the results of the best fit are illustrated in Figure 

4-2 where the value of slopes are determined: 

M1-1 Slope=0,0018, Adj. R-Square R2=0,99217 

M1-2 Slope=0,0016, Adj. R-Square R2=0,99499 
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Figure 4-2. Weight loss slope of M1 membrane 

4.1.2.2  M2 Membrane flux 

Table 4-3, shows the data taken from the cup of water experiment for membrane M2. 
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Table 4-3. Weight loss vs time data of M2 membrane  

M2-1 M2-2 

Thickness: 120 µm Thickness: 75 µm 

Weight loss (g) Time (min) Weight loss (g) Time (min) 

0 0 0 0 

0,3 120 0,3 120 

0,5 240 0,5 240 

0,8 360 0,9 360 

1,2 480 1,3 480 

1,6 600 1,6 600 

1,9 720 1,9 720 

2,2 840 2,4 840 

2,5 960 2,7 960 

2,8 1080 3,2 1080 

 

 
Figure 4-3. Weight loss slope of M2 membrane 
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4.1.2.3 M3 Membrane flux 

Table 4-4, shows the data taken from the cup of water experiment for membrane M3 

Table 4-4. Water weight loss of M3 membrane  

M3-1 M3-2 

Thickness: 120 µm Thickness: 110 µm 

Time (min) Weight loss (g) Time (min) Weight loss (g) 

0 0 0 0 

0,4 120 120 0,4 

0,8 240 240 0,8 

1,3 360 360 1,3 

1,8 480 480 1,8 

2,4 600 600 2,4 

3 720 720 2,9 

3,6 840 840 3,7 

4,1 960 960 4,2 

4,5 1080 1080 4,7 

 

 
Figure 4-4. Weight loss slope of M3 membrane  
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4.1.2.4 M4 Membrane flux 

Table 4-5. Water weight loss of M4 membrane  

M4-1 M4-2 

Thickness: 110 µm Thickness: 110 µm 

Time (min) Weight loss (g) Time (min) Weight loss (g) 

0 0 0 0 

120 0,6 120 0,6 

240 1,3 240 1,3 

360 2,1 360 1,9 

480 2,7 480 2,7 

600 3,6 600 3,3 

720 4,1 720 4 

840 4,9 840 4,7 

960 5,6 960 5,5 

1080 6,1 1080 6,3 

 

 
Figure 4-5. Weight loss slope of M4 membrane 
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4.1.2.5 Membranes average slope-Flux  

The average slop-Flux of each membrane is the average of the flux of used membrane in each 

experiment, are calculated and listed in the Table 4-6. 

Table 4-6. Average slopes of membranes 

Membrane 

Flux=Slope, 

(∆G ∆t⁄ ) 

(g/min) 

Average slope 

(∆G ∆t⁄ ) 

(g/min) 

M1 
M1-1 0,0016 

0,0017  
M1-2 0,0018 

M2 
M2-1 0,0027 

0,0028 
M2-2 0,0029 

M3 
M3-1 0,0043 

0,0044 
M3-2 0,0045 

M4 
M4-1 0,0058 

0,0058 
M4-2 0,0058 

 

As the membranes average slope-Flux is obtained, the water vapour transmission rate (WVTR) 

can be then determined, by dividing the average slop over effective area which is presented by 

the equation (2-2). The effective area of the membrane when attached in the cup water is 

0,003019 m2. 

  

Table 4-7. Water vapour transmission rate (WVTR) 

Membrane 
Average Slope ∆G ∆t⁄  

(g/min) 

WVTR 

(g.min-1.m-2) 

WVTR 

(g.d-1.m-2) 

M1 0,0017 0,563100364 810,8645247 

M2 0,0028 0,927459424 1335,54157 

M3 0,0044 1,490559788 2146,406095 

M4 0,0058 1,921165949 2766,478967 
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4.1.3 Water vapor permeance (P) 

The permeance is then resulted in the Table 4-8 by using the equation (2-3), where R1 the 

saturation water vapor pressure inside the cup of water is 100 %, R2 the saturation water vapor 

pressure inside the oven is measured by a digital hydrometer, S is the saturation water vapor 

pressure at 38 °C, is 46 mmHg (6254.436 Pa),  

 

Table 4-8. Water vapor permeance (P) 

Membrane 
WVTR 

(g.d-1.m-2) 

R2 

(%) 

(R2-R1) 

(%) 

Permeance (P) 

g·m-2·d-1·Pa-1 

Permeance (P) 

ng·m-2·s-1·Pa-1 

M1 810,8645 32,6818 0,673182 0,192587298 2229,019649 

M2 1335,5416 27,7639 0,722361 0,295607179 3421,379385 

M3 2146,4061 24,6250 0,753750 0,455298706 5269,660948 

M4 2766,4790 18,9250 0,810750 0,545572244 6314,493568 

 

4.1.4 Water vapor permeability (WVP) 

Table 4-9 displays the water vapor permeability values determined from equation (2-4) by 

multiplying the permeance by the thickness. 

 

Table 4-9. Water vapor permeability (WVP) 

Membrane 
Permeance 

(ng·m-2·s-1·Pa-1) 

Average thickness 

(µm) 

Permeability 

(WVP) 

(ng·m-1·s-1·Pa-1) 

Permeability  

(WVP) 

Barrer x10+2 

M1 2229,019649 85 0,1895 314,1007536 

M2 3421,379385 98 0,3353 555,7677186 

M3 5269,660948 115 0,6060 1004,459402 

M4 6314,493568 110 0,6946 1151,316008 
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4.2 EFFECT OF THE PEG ON THE WVP 

Figure 4-6 shows the slop of PEG percentage in each membrane against the water vapor 

permeability. It is observed that WVP is significantly increased where pure PET membranes 

M1 (WVP = 314.10x10+2 barrers), M2 (WVP = 555.77x10+2), M3 (WVP = 1004.46x10+2) and 

M4 (WVP = 1151.32x10+2). This increase in WVP is attributed to the change in morphology 

affected by the addition of the PEG additive. Indeed, the morphology of the formed asymmetric 

membranes consists of two layers, a thin and dense layer supported by a porous sub-layer, their 

morphologies contributing both to limiting or improving the transport of water vapour. 

According to the previous results stated above, the addition of the PEG additive resulted in: an 

increase in the mean diameter of the pores of sub-layer top surface (Figure 3-10), build-up of 

macro-voids of the order of 35 μm in M3 and reaching 100 μm in M4 (Figure 3-3) and an 

increase in the porous surface area of the sub-layer (Figure 3-4). This change in morphology 

resulting from the addition of PEG makes the sub-layer providing less resistance to the transport 

of water vapour, thus contributing to the increase in the permeability of the water vapour [107], 

[111], [112]. In addition, it is also believed that WVP increased due to the addition of the 

hydrophilic PEG polymer in hydrophobic PET membranes that improved the wettability of 

water vapour on the membrane surface, thereby contributing to the improvement of the water 

vapour diffusion rate through the membranes. This result is consistent with the reported 

literature [36], [107]. Moreover, the thin layer of the asymmetric membrane is also influenced 

by the PEG additive, the thickness increased but did not slow down the WVP, this behaviour 

can be explained in particular by the incorporation of the PEG additive in this layer, which gave 

it a better hydrophilic character, and therefore a better water vapour transport [107].  
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Figure 4-6. Water vapour permeability of PET/PEG membranes: M1 (100%/0%), M2 

(90%/10%), M3 (80%/20%), M4 (70%/30%). (R square =0.9497) 

 

4.3 METHANE GAS PERMEABILITY MEASUREMENT (MGP) 

Methane gas permeability (MGP) measurements of the prepared membranes M1, M2, M3, M4 

are calculated by determining the methane gas volume flow rate (Vr), gas transmission rate 

(GTR), and permeance. For each membrane, the methane gas transmission experiment is 

performed three times to allow accurate results where the same membrane remains attached 

during all three experiments since the membrane was not influenced during each test. 

4.3.1 Methane gas volume-flow rate (𝑽𝒓) 

The methane gas transmission experimental data of escaped volume of methane gas versus 

elapsed time for each membrane are recorded in Table 4-10, Table 4-11, Table 4-12, Table 

4-13, and all are graphed. The volume-flow rate of methane gas (Vr) is calculated using the 

equation (2-6), where the slope, defined as flow rate in volume changed over time, is calculated 

using the regression line of the recorded data, are shown in Figure 4-7, Figure 4-8, Figure 4-9, 

Figure 4-10. 
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Table 4-10. Water weight loss of M1 membrane 

M1 

Volume  

(ml) 

Time exp 1 

(s) 

Time exp 2 

(s) 

Time exp 3 

(s) 

0 0 0 0 

1 46,81 44,82 44,989 

2 91,737 89,05 88,397 

3 138,762 134,988 135,37 

4 183,251 181,801 181,648 

5 228,29 226,43 226,805 

 

 

 

Figure 4-7. M1 Membrane escaped methane volume regression line with slopes  
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Table 4-11. Water weight loss of M2 membrane 

M2 

Volume  

(ml) 

Time exp 1 

(s) 

Time exp 2 

(s) 

Time exp 3 

(s) 

0 0 0 0 

1 26,34 24,124 22,292 

2 51,502 47,545 45,081 

3 77,102 72,948 69,13 

4 101,861 96,325 93,145 

5 126,706 119,342 116,454 

 

 

Figure 4-8. M2 Membrane escaped methane volume regression line with slopes 
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Table 4-12. Water weight loss of M3 membrane 

M3 

Volume  

(ml) 

Time exp 1 

(s) 

Time exp 2 

(s) 

Time exp 3 

(s) 

0 0 0 0 

1 21,825 24,127 22,294 

2 44,611 47,012 43,812 

3 68,479 69,827 67,099 

4 90,835 92,639 89,463 

5 112,801 115,066 110,731 

 

 

Figure 4-9. M3 Membrane escaped methane volume regression line with slopes 

 

 

 

 

 



83 
 

Table 4-13. Water weight loss of M4 membrane 

M4 

Volume  

(ml) 

Time exp 1 

(s) 

Time exp 2 

(s) 

Time exp 3 

(s) 

0 0 0 0 

1 25,285 24,969 24,685 

2 49,073 48,282 48,12 

3 75,037 73,248 72,389 

4 99,061 97,307 96,016 

5 121,216 120,474 118,623 

 

 

 

Figure 4-10. M4 Membrane escaped methane volume regression line with slopes 

4.3.2 Average Methane gas volume-flow rate (Vr) of membranes 

The Average Methane gas volume-flow rate (Vr) of membranes is calculated by taking the 

average value of three experiments of each membrane. 
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Table 4-14. Average Slope=Vr of membranes 

Membrane 
Slope=Vr 

(ml/s) 

Average Vr 

(ml/s) 

Average Vr  

((L/s)) 

M1 

M1-exp1 0,0219 

0,021966667 2,19667E-05 M1-exp2 0,0220 

M1-exp3 0,0220 

M2 

M2-exp1 0,0395 

0,0413 

 

0,0000413 

 
M2-exp2 0,0417 

M2-exp3 0,0427 

M3 

M3-exp1 0,0410 

0,044166667 4,41667E-05 M3-exp2 0,0414 

M3-exp3 0,0421 

M4 

M4-exp1 0,0410 

0,0415 0,0000415 M4-exp2 0,0414 

M4-exp3 0,0421 

 

4.3.2.1.1 Methane gas transmission rate (GTR) 

The methane gas transmission rate (GTR) of PET membranes is determined from the equation 

(2-7), the Table 4-15 resumes the obtained results.  

Where: 

Membrane raduis (mm)= 31 

A (mm2) = 3019,07054 

R (L·Pa/mol·K) = 8314,3 

T (K)= 298,15 

P0 (Pa)= 101325 
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Table 4-15. Methane gas transmission rate (GTR) 

Membrane 
Vr  

(L.s-1) 

GTR 

mol·m-2·s-1 

M1 2,19667E-05 2,97E-16 

M2 0,0000413 5,59E-16 

M3 4,41667E-05 5,98E-16 

M4 0,0000415 5,62E-16 

 

4.3.2.1.2 Methane gas permeance (P) 

The methane permeance (P) is expressed by the equation (2-8), the results are listed in the Table 

4-16. 

 

Table 4-16. Methane gas permeance (P) 

Membrane 
GTR 

mol·m-2·s-1 

Permeance (P) 

mol·m-2·s-1·Pa-1 

M1 2,97404E-16 8,19643E-20 

M2 5,59156E-16 1,54103E-19 

M3 5,97967E-16 1,64799E-19 

M4 5,61864E-16 1,54849E-19 

 

4.3.2.1.3 Methane gas permeability (MGP) 

Methane gas permeability (MGP) expressed by the equation (2-9), is determined by multiplying 

the permeance by the thickness of the membrane, the obtained results are listed in the Table 

4-17. 
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Table 4-17. Methane gas permeability (MGP) 

Membrane 
Thickness 

(µm) 

Permeance (P) 

mol·m-2·s-1·Pa-1 

Permeability (MGP) 

mol·m-1·s-1·Pa-1 

Permeability (MGP) 

Barrer 

M1 100 8,19643E-20 8,20E-24 2,45E-08 

M2 95 1,54103E-19 1,46398E-23 4,37E-08 

M3 90 1,64799E-19 1,48319E-23 4,43E-08 

M4 80 1,54849E-19 1,23879E-23 3,70E-08 

 

4.4 EFFECT OF THE PEG ON THE METHANE GAS PERMEABILITY 

The MGP of all membranes with different PEG contents is presented in Figure 4-11. The results 

showed that M1 membrane has the best barrier to methane gas with a lower permeability of 

2.45x10-08 barrer. By increasing the PEG content, the permeability of M2 seems to increase, 

this is assumed to be due to the increase in the porous area of the sectional and top surface of 

the sub-layer of M2. With higher PEG contents (≥20%), a sharp decrease in permeability is 

observed, where M2 and M3 membranes maintained higher close values, while a lower value 

is achieved for M4. Compared to M2 and M3 membranes, M4 showed a higher resistance to 

methane gas transport, this behaviour is attributed to the increase in the thickness of the 

skin/dense layer. The addition of PEG content leads to an increase in the thickness of the 

skin/dense layer and, therefore, greater resistance to the transport of methane molecules, 

resulting in a decrease in MGP. Indeed, the build-up of skin layer acts as a separating layer for 

gases, whereas this is not the case for the water vapour [36], [111], similar observation reported 

by Liu et al [111], the thickness had little influence on WVP, while the permeability to nitrogen 

gas decreased sharply with increasing skin layer thickness. The results clearly illustrate that 

even with the increase in the porous surface area of the sub-layer, mean pores diameter and 

build-up of macro-voids, the MGP is not affected by this gain of decrease in the resistance of 

the sub-layer, it is kept down mainly due to the additional thickness that acted as a separation 

layer.  
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Figure 4-11. Effect of PEG additive on gas transport properties of methane gas, (R 

square=0.9323) 
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CONCLUSIONS AND FUTURE PERSPECTIVE 

a. CONCLUSIONS 

In this thesis, PET-based membranes were prepared in different compositions and were 

modulated by incorporating the hydrophilic polymer PEG into the PET membranes for the 

reason of improving the properties and performance of the prepared membranes, for use in 

methane gas and water vapour separation. The PEG additive was found to play a key role in the 

performance of the membranes for the dehydration of methane gas, the results showed an 

improvement in WVP and a reduction in MGP. In particular, the addition of PEG to the 

membranes led to the formation of macro-voids on the surface of the sub-layer, which 

facilitated an increase in pore size diameter and consequently, led to an increase in the WVP of 

the membranes. Another advantage of the addition of PEG, it led to an increase in the thickness 

of the skin layer which resulted in the production of high resistance to methane gas transport 

and low influence on WVP. The same is valid for M4, the high PEG content of 30% compared 

to M2 and M3, it showed more barrier to methane while showing a higher WVP, this last data 

makes M4 the best separator for the dehydration process. Moreover, with a maximum addition 

of 40% of PEG, the prepared membranes are deformed and massive holes are formed.  

In summary, the results in this thesis validate the conclusion that an excessive content of PEG 

is not appropriate, but when used at an acceptable level, it serves a high performance to the 

prepared membranes for the separation of methane gas and water vapour.  

b. FUTURE PERSPECTIVE 

In order to have a good mastery when using PET membranes for future methane gas 

dehydration applications, the following recommendations should be taken into account by 

future researches: 
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✓ The produced membranes in this thesis are flat in shape, they are used for laboratory 

tests, and have proved good performance for methane gas dehydration, however, to 

develop PET membranes for use in industrial applications, the shape of PET membranes 

should be made as hollow fiber, it is effective for large flow rates. A study should be 

conducted for the manufacture of PET hollow fiber with their application results. 

✓ The PET membranes produced in this thesis were made from a new PET polymer, for 

future application improvement, a suggestion to investigate and use a recycled PET for 

the natural gas dehydration, this thesis aimed to improve the environment, and the 

investigation would be a benefit and a complementary result. 

✓ The PET films application was handled with fabricated home-made blade, sometimes 

the produced films are rejected, due to the errors by unfamiliar operator, to manually 

adjust both the speed and the thickness, the errors are minimized with practices. A 

recommendation to use an automatic film applicator, it is relevant tool that enhance the 

quality of films, it offers an accurate thickness as a function of time for coating 

application, it can be delivered with a heating system for temperature control, in 

addition, the speed rate is adjusted automatically. All these elements contribute in 

providing a rough, consistent and reproducible coating film. The automatic film 

applicator can be purchased from suppliers or, preferably, manufactured locally by the 

master student. 
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