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Abstract

In this study, membranes were made from three polyvinylidene fluoride (PVDF) polymers
individually and the blend systems of high (H) and low (L) molecular weight PVDF by phase
inversion process. After investigating membrane casting solutions’ viscous and
thermodynamic properties, the membranes so fabricated were characterized by scanning
electron microscopy, gas permeation tests, porosity measurement, contact angle (CA) and
liquid entry pressure of water (LEPw) measurement, and further subjected to vacuum
membrane distillation (VMD) in a scenario that was applicable for cooling processes, where
the feed water temperature was maintained at 27°C. It was found that PVDF solutions’
viscosities and thermodynamic instabilities were determined by the types of PVDF employed
in single polymer systems and the mixing ratios of two PVDF polymers in blend systems.
Thus the membrane properties and performances were influenced by the aforesaid factors as
well. In single polymer systems, it was found that the membrane surface roughness and
porosity increased with an increase in molecular weight. Among all the membranes casted in
this study, the water vapor flux of VMD was found to be the highest at the intermediate range
of H:L ratio, i.e., 4:6, at which the thickness of the sponge-like layer showed a minimum, the
finger-like macro-voids formed a more orderly single-layer structure, and the LEPw showed
a minimum. A conclusion can be made that blend systems of high molecular weight PVDF
polymers and low molecular weight PVDF polymers could be used to optimize membrane

performance in vacuum membrane distillation.

Key words: Polyvinylidene fluoride, low and high molecular weight, blended membrane,

membrane characterization, vacuum membrane distillation



Résumé
Dans cette étude, les membranes étaient faites individuellement de trois polymeéres de

polyfluorure de vinylidéne (PFVD) et les systémes mélangés des poids moléculaires PFVD
hauts (H) et bas (B) par un processus d’inversion de phase. Apres investir les propriétés
visqueuses et thermodynamiques des solutions de coulage, les membranes fabriquées étaient
caractérisées par; microscopie électronique a balayage, tests de perméation de gaz, mesure de
porosité, mesure de 1’angle de contact (AC) et de la pression d‘entrée liquide de 1’eau (PELe),
et ensuite soumise a distillation membrane sous vide (DMSV) dans un scénario qui était
applicable pour un processus refroidissant, ou la température d’alimentation d’eau était
maintenue a 27°C. C'était trouvé que les viscosités et instabilités thermodynamiques des
solutions PFVD ¢étaient déterminés par le type de PFVD employ¢ dans les systémes de
polymere simple et les ratios de mélange des deux polymeéres PFVD dans les systémes
mélangés. Ainsi les propriétés et performances des membranes étaient aussi influencées par
les facteurs mentionnés. Dans les systémes de polymeére simple, ¢a a était trouvé que la
rudesse et porosité¢ de membrane augmenté avec 1’augmentation de poids moléculaire. Parmi
toutes les membranes coulées dans cette étude, le flux de vapeur d’eau de DMSV ¢était plus
haut que le niveau intermédiaire du ratio de H:B, i.e., 4 :6 , a laquelle I’épaisseur du couche
spongieuse a montré un minimum, les macros vides en forme de doigts ont formaient une
structure a couche simple avec plus d’ordre, et le PELe a montré un minimum. Une
conclusion peut étre faite que les systémes mélangés des polymeres PFVD dont le poids
moléculaire est haut et des polymeres PFVD dont le poids moléculaires est bas, peuvent étre
utilisé pour optimiser la performance des membranes dans le processus de distillation

membrane sous vide.

Mots clés : Polyfluorure de vinylidéne, haut et bas poids moléculaires, membrane mélangé,

caractérisation de membrane, distillation de membrane sous vide



Acknowledgement

I would like to express my sincerest and heartfelt appreciation to those wonderful souls who

helped me accomplish this study.

I would first like to recognize Dr. Christopher Q. Lan, my supervisor, for his valued guidance,
support, background knowledge and patience. My deepest gratitude is also extended to
Dr.Takeshi Matsuura, my co-supervisor, and Dr. Dipak Rana for their patient guidance,

precious help and background knowledge in the completion of this study.

I would like to extend my gratitude to the all of the staff in the Department of Chemical and

Biological Engineering in the Faculty of Engineering, University of Ottawa.

Thanks are also given to the Carleton SEM lab and Dr. Jianqun Wang, for their help with

SEM test.

I would like to thank the Arkema Inc. (Philadelphia, PA, USA) for the gift of polyvinylidene fluoride
(Kynar®) polymers and the National Research Council, Ottawa, Canada for generously offering the

backing material.



Table of Contents

AADSITACE ...ttt ettt h et et b et e h e bt et e a e bt et e ate b et naee e I
RESUIME. ...ttt et ettt st e sbe e et e e e snees I
ACKNOWIEAZEMENL ...ttt ettt ettt s aae et e e saaeebeessaeenseensneenseas v
TabIE Of CONLENLS ......eeuieiieiieiieeiteteee ettt st sb ettt et st et et e eaeenees A%
TabLE OF fIGUIES ....eeueieiiieiieeee et ettt e st e et e e et e esbeesaaesnseessaeenseenens VII
LSt OF TADIES ..ottt sttt VI
LE@ONA ...ttt ettt e et e et e e bt e naaeenbeenateenbeennaeenneas IX
1 INEEOAUCHION ...ttt ettt b ettt et e aeeaees 1
2 LAterature REVIEW.......ovuiiiiiiiiieiieiertteee ettt sttt st 6
LT TIEOAUCHION ..ottt ettt et e et et eebeesneeeneeas 6
2.1.1 A general introduction of membrane technology ............ccceceeiieniianenne. 6
2.1.2  Membrane Distillation Introduction ............cccceecuiriieniiiiiinniiiiieeeeee 8

2.2 Membrane FOrmation ........coceeiiiiiiiiiiieniieiie ettt sttt e 10
2.2.1 Membrane Formation methods ............cooceeiiiiiiiiiiiniiieeeeee 10
2.2.2  DemiXing SPEEA ...ccuvieiuiiiiieiieeiieeiie ettt ettt et ebe e 17
2.23  Two dominating factors .........cccueeiuieriiiiiienie et 18
2.2.4  Two pore formation mechaniSms...........ccceeevvreeiieeeiiieecieeeee e 19

2.3 Factors that can affect membrane properties and performances in membrane

TADTICALION PIOCESS ...eeiuvieiiieiiieeite ettt ettt ettt ettt e et et e sateesaeesabeesseesnseesnneens 20
2.3.1  Effect of the solvent used in membrane casting solutions...........c..cccc... 20
2.3.2  Other Casting ConditionS..........cceeuerueererienienieeteneee sttt saeens 25

2.4 Membrane mass tranSTEr .........coeviiiiiieiiieiieeie e 26
2.4.1 Direct Contact Membrane Distillation...........c.ccooceeriiiiiiniiiniinieceee 26
2.4.2  Vacuum Membrane Distillation..........ccccoooieiiiiniiniiiniiiiiinicicceceeee 27

2.5 Membrane characteriZation ............covuieriiiiiieiiiiiie ettt 29
2.5.1 Membrane Surface PropPerties.........ccveerveeerreeeiireeriueeenireesirreesreeesseeenneens 29
2.5.2  Surface ROUGHNESS......cooooiiiiiiiieiieeee e 31
2.5.3  Liquid Entry PIeSSUTIE ....cceiiiiiieiiiieiie ettt 32
2.5.4  Membrane Pore Size and Porosity.........cccceevvieeiieeeiieeeieeeie e 33
2.5.5 Investigations of membrane pore size and porosity by near field microscopy. 37
2.5.6 Membrane Tortuosity and Thickness...........ccceeevveeeiieiniieeniieeeieeeee e 40

2.6 Membrane Distillation Operation Parameters...........cccuveevvveerieeeiieeeiieeeee e 41

2.7 RELETEICES ...ttt ettt st ettt e sarean 43



3 Study on Structure and vacuum membrane distillation performance of PVDF composite
membranes: Influence of molecular weight...........ccocooviiiiiiiiiiiiii e,

Bl ADSITACT .ttt sttt nae e

3.2 INEFOAUCTION c..eeiieiticiiecee ettt ettt st sbe et e

3.3 Experimental MEthOdS .........cocuiiiuiiiiiiiiiiiieiecieese ettt et ees
3301 MALETIALS wouviiiiieiieieee e
3.3.2  Preparation of Casting SOIULIONS ........ccceeruieeiieniieiiieieeieerie e
3.3.3  Membrane Casting Method..........ccceocveriiienieeiiienieeieeeeeee e
3.3.4  Characterization of Polymer Solution............ccceecveveiiinieeciienieciierieeieene
3.3.5  Membrane CharacteriZation...........ceceerveeriienieeniieeieeniieeieeseeeseee e

3.4 Results and diSCUSSION.....ccc.eiiiiiiiiiiieiie ettt et e et ee et e e eas
3.4.1  Polymer solution characterization...........cccceeecueereenieenieeiiienie e
342  Membrane characterization..........ccceoeerueeriienieenie et
343  Vacuum Membrane Distillation Flux measurement..............ccccceeveeenennen.

3.5 CONCIUSION. ....eiuiiiiiietie ettt ettt e bt e bt e et esbe e et e e seesaseenaeeens

RETRICTICES ...ttt ettt et e et e et e st e e bt e e nbeesseeenneas

4 Study on structure and vacuum membrane distillation performance of PVDF composite
membranes: Influence of blending............cocoeviiiiiiiiiiiii e

S BN o 1] 1 ¢ o1 AP TUPSRUSRRRRP

4.2 INEEOAUCTION ..ttt ettt et et et e et e et e sabeesbeeeabeesneeenseas

4.3 Experimental MethOds. ........ccouiviiiiiiniiiiiiiiiiceceece e
43.1 IMALETIALS .ottt ettt et ettt e
4.3.2  Preparation of casting SOIUtIONS ........cceevuiriiniinieriiinieieeece e
4.3.3  Membrane casting method...........ccccoeviieeiiiiiiiiieieeeeeee e
4.3.4  Characterization of polymer SOIUtion...........ccccveeeiiienciiieniieeniie e
4.3.5  Membrane characteriZation..........cocueevueerierieenienieenie ettt

4.4 Results and diSCUSSION. .....cccuuiiuiiriiiiieeiieeieeeie ettt ettt ettt e e e saeeas
44.1 Polymer solution characterization...........cccceeeviveeniieenieeenie e
4.42  Membrane characteriZation..........c.cceeueerierieenieiieenie et
443  VIMD UK. ettt 1

4.5 CONCIUSION. ...ttt ettt ettt et st e bt e eabe e e 1

RETEIENICES ...t ettt st 1

5 COMICIUSIONS ettt et e e e e e e e e e e eee e e e e e e e e aaeeeeeeeeaaenaaaeaaaaaene 1

12
13
15
17

\



List of Figures

Figure 1-1 A schematic of the personal cooling syStEM ......c..coiiviiiiiiiiiii e 2
Figure 2-1 Vacuum Membrane Distillation (13) .....ccoociiiiiiiiiie e 10
Figure 2-2 Membrane formation process in immersion precipitation. .........cccceevveeeriiieeeiicieee e, 12
Figure 2-3 Liquid-liquid demixXing Sap. (B) ..c.eeecvueeriiereiieesieesteeesteeeteeesreeste e e seaeesteeesaseesreesraeesnreeenns 14
Figure 2-4 TWO demiXiNgS. (40) ....uuiiiieiieieeeiiiee e ettt e eecte e e e et e e e eetre e e e ateeeessataeeeesasseeesnsaeeesansseeesanseeanns 18
Figure 2-5 Effect of PVP content on PVP retention factor. (51) ..ccccecveeevcieeiiiieeiieecee e evee e 24
Figure 2-6 Gas permeation TeST SETUP. .iuiiii ittt e e e e e e s srer e e e e e e e s e ssnanenes 36
Figure 2-7 The correlation between vacuum level and permeate flux at certain temperatures.(112) 42
Figure 3-1 Gas permeation test @QUIPMENT. ........uiiiiiiiiiiiieee ettt e e e s sere e e e e e e s e saanenee 58
Figure 3-2 Setup for LEPW MEASUIEMENT. .....uiiiiiiiieiciiie e ciitee s ecttee et e e et e s sser e e e ssnva e e e ssnbaeeesnasneeeens 60
Figure 3-3 Vacuum membrane distillation SEt UP.......ccueeiieiiiieiiiiiii et 63
Figure 3-4 Viscosity of casting solutions with three types of PVDF........cccocoviiiiiiiiiiiiieec e 64
Figure 3-5 Cloud points of polymer solutions prepared by three types of PVDF........ccccceeecvvveecnneennn. 66
Figure 3-6 Cross-sectional images of three PVDF membranes: (a) Kynar 740, (b) MG 15, and (c) HSV

15 100 PP PPPPPRN 69
Figure 3-7 A representative histogram of a Kyner 740 membrane. ........cccccoveeeeiiiieeeciieeecciiee e 70
Figure 3-8 Surface roughness index with three types of PVDF..........cccoeeiiiiiie i 71
Figure 3-9 Three dimension graphs of the intensities of pixels in a grayscale: (a) Kynar 740, (b) MG 15,
=0T I (o) I 5 N VL0 SRR 72
Figure 3-10 Pore size of three PVYDF MEMDBIaNEs ......ccvviieeiiiieeeiiee et et e esvte e e e srae e e esnraeeeesnaeeaens 74
Figure 3-11 TWO tYPES Of POIES. ..uviiiiiiiieiciiie ettt ettt e e s e e et e e e s sate e e e sataeeesansseeesnnnreeaens 74
Figure 3-12 Membrane porosity of three PVDF membranes. ........cccoccuveeeeciieiecciiiee e 76
Figure 3-13 Water contact angle of three PVDF Membranes. ........cccoccuveeeeeiieeeecciiee e ceivee e 77
Figure 3-14 Membrane surface energy of three PVDF membranes.......cccccveveviiieieciieeecciveee e 78
Figure 3-15 LEPw value of three PVDF MembBranes. ........cccueiieiiiiiecciiie ettt e et 79
Figure 3-16 VMD flux of three PVDF MemMBIanes...........oiieciiieeeciiieeeciee ettt e e 80
Figure 4-1 Gas permeation test @QUIPIMENT........uiiiiiiiiiiiiiiiieeee e eerirreee et e e e s e s ssbareeeeessssssanrnnes 92
Figure 4-2 Setup for LEPW MEASUIEMENT. ......ciiiiuiiieeeiiiieeciieeeeectteeeectteeeeeitteeeesasseeeseasaeeesansseeessaneeeanns 94
Figure 4-3 Vacuum membrane distillation SEt UP.......cc.ueieecieie e 97
Figure 4-4 Viscosity as a function of H/L MiXiNg ratio........cccceeieerieiiiecireeereeseeeee e ereesreesreeseesane e 98
Figure 4-5 Cloud points of polymer solutions with different H:L mixing ratios..........ccccceeeecveeeeinneenn. 99
Figure 4-6 Cross-sectional images of the membranes: a) H:L = 0:10, b) H:L =2:8, c) H:L=4:6, d) H:L=6:4,
€) HiL=8:2,aNnd ) HiL=10:0. cuviiiiiiieiiiiiesieeieee ettt ettt et st st st esbeesbe e saeesnsesnteenbeesseesanesns 101
Figure 4-7 A histogram picture of @ SEM image H:L=4:6. .......cooocrireeciiieeeeciee ettt e 102
Figure 4-8 Three dimension graphs of the intensities of pixels in a grayscale. a) H:L=2:8, b)H:L=4:6, c¢)
HiL=6:4, aNd A)HILE8:2. . ci ittt ettt ettt st e st e e sae e st e satesabeesbeebeesbaenbeesanesnnesnsenn 104
Figure 4-9 Pore radius of membranes with different H:L ratios. .......cccceeeeiiieeecciiee e, 106
Figure 4-10 Formation of a) network pores and b) aggregate pore. .......ccccveeveeeecreeeceecciee e 106
Figure 4-11 Membrane porosity with different H:L mixing ratios. .........cccceeieeeiviiee i, 107
Figure 4-12 LEPw value of membranes with different H:L mixing ratios...........ccccoceeeeviiieeeciiee e, 108
Figure 4-13 Water contact value of blended composite membranes. ........ccccceeeviveeeiciieeeccieee e, 109
Figure 4-14 VMD flux for membranes of different H:L ratios. ........cccoecvveeiiiiiei i, 113

Vil


file:///C:/Users/Soporyc/Desktop/Jeffrey%20THESIS%20revised%202014.docx%23_Toc380914570

List of Tables

Table 4-1Surface roughness index value in histograms and H:L mixing ratio ................ 103

Table 4-2 Membrane contact angle measured by using three liquids and calculated surface
] TS 111

VI



Legend

J Membrane mass flux (g/m?-s)
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Chapter 1. Introduction

Since the 1960s, membrane distillation has been intensively studied and utilized in some
areas. Meanwhile, a variety of approaches have been employed to optimize membranes and
membrane distillation configurations to enhance the performances of membrane distillation.
A wide range of polymers and additives were investigated in these studies, in which
polyvinylidene fluoride (PVDF) has been established as one of the best polymers. This could
be attributed to its excellent mechanical strength, thermal stability, chemical resistance, and
high hydrophobicity (1). Among the numerous parameters that can affect the properties and
performance of distillation membranes, it was demonstrated with membrane prepared with
polyethersulfone (PES), another popular polymer for distillation membrane fabrication, that
the polymer’s molecular weight has significant influence on membrane properties and
distillation performances (2). It was found that this theory can be used to optimize membrane
in a simple and useful way. However, relevant data is scarce on PVDF membranes, because
not much work 1s done to investigate the effects of molecular weight and the mixing ratio in
blended PVDF systems on membrane properties and performances. Hence the study of the
effect of PVDF molecular weight on PVDF membrane properties and membrane distillation

performance can be meaningful and significant.

The objective of this study was to systematically investigate the impacts of the molecular
weights of three PVDF polymers(i.e., Kynar® 740, Kynar® MG 15 and Kynar® HSV 900)
and therefore different viscous and thermodynamic properties on the pore size, porosity,
surface properties, morphology, and vacuum membrane distillation performance of

membranes casted by using phase inversion technology. The effects of the ratio of two



polymers (i.e., Kynar® HSV 900 andKynar®740) on membrane properties and performance
were also investigated.

The membranes so fabricated will be used in a personal cooling system which employs
vacuum membrane distillation technology to achieve personal cooling purpose. A schematic
of the personal cooling system is shown below (3):

To the vacuum pump

1 /_ Desiccant layer (the absorption core)

Spacer (honeycomb)

Membrane

Outer bag

Water layer (the cooling core)

Figure 1-1 A schematic of the personal cooling system

The membrane here in the cooling systems acts as a physical barrier which prevents water
liquid from penetrating the membrane while let the water vapor go through. Thus the
distillation of water can be used to lower the surface temperature of the water layer side and
maintain a relatively low temperature for human bodies. It was found that the cooling system
should have the efficiency of 250 W to work well in this application.

This system is mainly used in natural conditions, in which the temperature varies from 20°C
to 45°C. As a matter of fact, the VMD performance of membranes in this study were tested at
the temperature of 27°C.

This temperature is also suitable for food industries in which VMD technology is also

employed.



Chapter 2 is the literature review that talks about the background knowledge of membrane
technology and membrane distillation process. Besides, Chapter 3 and Chapter 4 are about
the papers written based on this study, i.e Study on the Structure and vacuum membrane
distillation performance of PVDF composite membranes: Influence of molecular weight,
Study on the Structure and vacuum membrane distillation performance of PVDF composite
membranes: Influence of blending ratio of two PVDF polymers of different molecular
weights.

Three polyvinylidene fluoride (PVDF) polymers were used in this study: Kynar®740, Kynar®
MG 15 and Kynar® HSV 900.

In Chapter 3, three PVDF materials were individually studied, covering the membrane
casting solution properties, membrane properties and performances. The result illustrated that
as the membrane casting solutions’ thermodynamic and viscous properties were changed by
the PVDF polymers added, the membranes casted from these solutions showed significant
differences in both membrane properties and vacuum membrane distillation performance.
More specifically, the Kynar® MG 15 membrane, which was casted from the Kynar® MG 15
PVDF of the intermediate molecular weight, showed the maximum VMD flux and the
minimum LEPw value among all three PVDF membranes. And the cross-sectional SEM
images illustrated significant difference between the three PVDF membranes in both finger-
like layers and sponge-like layers. It was also found that the membrane porosity increased
with an increase in molecular weight.

In Chapter 4, Kynar® 740 and Kynar® HSV 900 polymers were mixed at different mixing ratios.
Similar to Chapter 3, a set of solution and membrane properties were examined. Then VMD
performance was tested too. A conclusion was reached that the mixing ratio of two polyvinylidene
fluorides could significantly affect some solution and membrane properties, as well as vacuum

membrane distillation performances. More specifically, the VMD flux showed a maximum at the H:L

ratio of 4:6, at which the average flux reached 528 g/h-m?. This could be explained by the maximum



pore size and the finest finger-like channel observed in membranes casted from H:L=4:6 casting
solutions. It should be mentioned that a commercial PTFE membrane tested under the same testing
condition showed a flux of 379.4 g/m?. Besides, the porosity data revealed that H:L=4:6 membranes

also had relatively higher porosity.

Chapter 5 is the conclusion part of this thesis. It was found that in both cases, the interplay of
kinetic effects and polymer solutions’ thermodynamic instabilities, along with the interplay of
two pore formation theories resulted in the difference in membrane formation, membrane
morphology, membrane pore size and other properties. Thus membrane performance
determined by these factors was also affected. These effects can be attributed to the

difference in PVDF molecular weights (Chapter 3) or the difference in mixing ratios of two
PVDF polymers (Chapter 4). It is believed that PVDF molecular weight and the mixing ratio
of two PVDF polymers have complicated influences on membrane properties and

performance.

It was found that the molecular weight of PVDF polymer and the mixing ratio of two PVDF
polymers of different molecular weights can significantly affect some membrane properties
and VMD performance while maintaining some other membrane features (i.e.

hydrophobicity).

By blending PVDF of different molecular weights membranes of better for membrane
distillation performance can be obtained than PVDF of individual molecular weight. This
study offers a simple and economical way to optimize membranes for membrane distillation
processes, thus offering a new method to obtain a wide range of membrane casting solutions’
properties and membrane features. The result in this study has already been used in other

researches in our research group.
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Chapter 2. Literature Review

2.1 Introduction

2.1.1 A general introduction of membrane technology

The first commercially applicable membrane was fabricated using phase inversion method in
1960 (1). Since then, numerous new innovations in this field have been made, and nowadays
membrane technology is widely utilized in the modern society. Deemed as a versatile
technology, copious types of membranes were invented for various usages including reverse
osmosis, nano-filtration, ultra-filtration, micro-filtration, gas separation electrolysis, dialysis,
electrodialysis, gas separation, vapor permeation, pervaporation, membrane distillation, and
membrane contactors (2). These technologies have been extensively used in wastewater

treatment, seawater desalination, ultrafiltration in food industry and many other fields.

Normally, membranes can be made with different configurations, including flat-sheet and

tubular (hollow-fiber) geometry. A significant advantage of hollow-fiber membranes is that it
has the highest membrane packing density per module volume, while due to the difficulties of
making hollow-fiber membranes and other reasons, flat sheet membranes are commonly used

in large-scale reverse osmosis separation processes (3).

Membranes can also be categorized as porous and non-porous membranes. For porous
membranes, based on their pore size, they could be divided into four main types: reverse
osmosis (RO, pore size 0.0001 to 0.001 um), nano-filtration (NF, pore size: 0.001 to 0.01
pum), ultra-filtration (UF, pore size 0.01 to 0.1 wm) and micro-filtration (MF, pore size 0.1 to
5 um) (4). A few factors can affect the pore size and porosity of porous membranes,
including the polymer type, the additives in polymer solution, the solvent and the polymer
concentration in the casting solution (5). Pore size and porosity of porous membranes can

significantly influence membrane performances. For microfiltration and ultrafiltration



membranes, pore size and porosity can determine the efficiency of filtration (6). Thus certain
pore size and porosity are required for certain filtration efficiencies and other filtration
requirements. Another important factor is the morphology of porous membrane, from which
it can be observed that there are usually two layers in polymeric porous membranes: the
upper layer is a channel-like layer that usually has macrovoids or finger-like structures, while
the lower layer is a sponge-like layer. The formation of both structures varies from the

membrane preparing methods and materials.

In the past few decades, researchers have spent a large amount of time and energy on
controlling those properties for better membrane filtration performance, which also highlights
the importance of the studies of polymeric porous membranes. In order to fabricate various
kinds of porous membranes for different uses, a few methods were invented and employed in
modern membrane industry, such as sintering, track etching and phase separation processes.
Nowadays, controlled phase separation process is most commonly used in porous membrane
fabrications (6).The morphology of the membranes fabricated in these ways, along with
membrane pore sizes and porosities could be largely determined by aforesaid methods. For
example, the structure of membrane could be significantly affected by the rate of phase
inversion process, which could be determined by two parameters: the thermodynamic
stability of polymer solutions and the diffusion rate of coagulant into polymer solution (7).

Detailed discussions about these two parameters will be given later in this literature review.

In terms of the polymeric materials, a larger amount of polymers have been studied as well
for membranes that are used in separation processes, especially when a membrane separates
gas and liquid phase. In order to prevent the penetration of liquid into membrane pores,
hydrophobic materials are employed for fabrication of such membranes (8). A copious
amount of such polymeric materials have been developed, including polyamide, polyimide,

polyethylene (PE), polypropylene (PP), polytetrafluoroethylene (PTFE), polyvinylidene



fluoride (PVDF), polyvinylchloride (PVC) and other materials. Owing to its high mechanical
strength, outstanding chemical resistance and high hydrophobicity, PVDF has been used in
ultrafiltration and microfiltration membranes for a long time (9). In which membrane

distillation is included.

Besides all the parameters that have been mentioned, some other parameters that can affect
membrane properties are worth discussing too: membrane fabricating conditions (fabricating
environment temperature, humidity, forming methods, bath composition and temperature),
polymer solution properties (viscosity (10), temperature, and cloud point) as well as polymer

molecular weight. All these factors will be discussed in this review later.

2.1.2 Membrane Distillation

With the growing demand of obtaining fresh water from seawater and polluted water,
membrane distillation has been extensively studied in recent decades. Interestingly enough,
thanks to the rapid developments in this area, the utilization of this technology has been
extended to other areas as well, i.e. food industry (11), cooling systems and radioactive waste
treatments (12). Membrane distillation is a thermally-driven separation process, in which
only vapour molecules are able to pass through a porous hydrophobic membrane that acts as

a physical barrel (13).

The feed is usually heated and due to the hydrophobic property of the membrane that
prevents penetration of the aqueous liquid, a vapor-liquid interface is formed at each pore
entrance and the vapour is driven by the vapour pressure difference between pore inlet and

outlet, which forces the vapour to permeate through the open membrane pores.

Compared with conventional distillation methods, this promising process is cleaner, more
environmentally friendly and economical. It does not need large vapour space for evaporation.

Also, instead of heating water to the boiling point in atmospheric pressure with a massive



amount of energy, membrane distillation process does not demand too much energy because
of its high efficiency (14). As a result of its low operating temperature, it is also favoured by
food industry (better flavour) (15) and medical industry (not sterilizing biological fluids).
Membrane distillation has some other advantages too. For example, reverse osmosis is a
pressure driven process which needs to be operated in high pressure. While in membrane
distillation process, the operating pressure is relatively low. Consequently, lower unit cost
and better safety can be benefitted from the lower operating pressure. Because of this, a large
number of less expensive materials could be used to make membranes for membrane
distillation. Due to the relatively large pore size of the membranes used in MD and the much
less operating pressure, fouling problems would not be as severe as they are in RO and other
membrane separation processes. In terms of the energy sources, membrane distillation could
be easily achieved by using several energy sources in different areas, for example, solar
energy and hydro energy (16). Generally speaking, based on the arrangements of their
distillate channels and/or the methods in which those channels are operated, membrane
distillation can be categorized into several types: 1). Direct contact MD (DCMD), in which
the hot solution (feed) is directly in contact with the membrane surface, is the simplest
membrane distillation configuration. And it has already been widely used in many fields (17);
2). Air gap MD (AGMD), in which stagnant air is employed between the membrane and the
condensation surface, reduces heat loss by conduction but increases mass transfer resistance.
(18); 3). Sweeping gas MD (SGMD), in which inert gas is used to sweep the vapour at the
permeate membrane side to reduce heat loss, is suitable for removing volatile compounds
from aqueous solutions and 4). Vacuum MD (VMD), in which vacuum is applied on the
permeate side. VMD has been proved to be a promising distillation method with a large
amount of advantages (19). Similar to other membrane distillation configurations, vapor is

also driven by the vapour pressure difference that is caused in VMD by applying vacuum on



the permeate side. This process does not consume a large amount of heat, since the heat loss
by conduction is prevented by the nearly zero thermal conductivity of vacuum. The VMD

configuration is shown in Figure 2-1 (13).

T, Hot Solution Tin
= <€ )
Vacuum > )

Tout

Figure 2-1Vacuum Membrane Distillation (13)

By employing vacuum on the permeate side, the vapour pressure of the feed side does not
need to be very high. Hence the temperature of the feed liquid can be relatively low. In some
cases, the temperature of feed liquid could be lowered to room temperature (23°C). In this
way, the energy that is necessary to heat the feed is almost zero. Another advantage of using
vacuum membrane distillation is that as the vapour is sucked and taken away by the vacuum,
the condensation occurs outside the membrane module. Hence, there is no condensed liquid

on the permeate surface that may lower the efficiency.

2.2 Membrane Formation

2.2.1 Membrane Formation methods
There are many methods to prepare porous polymeric films. Generally speaking, sintering,

stretching, track etching and phase separation processes are the most commonly used ones.
The membranes prepared by these methods vary greatly in terms of membrane properties and
performances. Most industrial membranes are prepared by phase separation process (6),

which can be categorized into the following few cases (20, 21):
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e Thermally induced phase separation (TIPS).
This process is a thermally driven process to eliminate the solvent in polymer solution to
form the polymeric membrane films. In this process, the solvent could be removed by
extraction, evaporation or freeze drying methods.

e Air-casting of a polymer solution (22)
The polymer is dissolved in a mixture of a volatile solvent and a less volatile nonsolvent.
When the amount of solvent decreased in evaporation process, the solubility of polymer
will decrease, and thus phase separation can take place.

e Precipitation from the vapour phase
Phase separation of the polymer solution is introduced by the penetration of nonsolvent
vapour in the solution.

e Immersion precipitation
Immersion precipitation is one of the most popular methods to prepare polymeric
membrane. In this process, a polymer solution is cast as a thin film on a supporting
material, and then the solution is immersed in a nonsolvent bath. Solvent/nonsolvent

exchange takes place in the polymer solution, thus precipitation happens.

2.2.1.1 Immersion precipitation

Immersion precipitation is the most commonly used method in membrane preparation and the
membranes prepared by this method are widely used in membrane distillation, especially for

PVDF membrane (9).

Figure 2-2 shows the schematic of membrane formation process in immersion precipitation.
This is a ternary system that basically consists of three components: Nonsolvent, solvent and
polymer. Other components could be added into this system for different purposes, while in

this section, the most basic model is used for discussion.
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Figure 2-2 Membrane formation process in immersion precipitation.

Three types of phase transitions occur in this process, and these three transitions are also the
most important factors that can determine the membrane properties, morphology and
membrane performance. More specifically, these three phase transitions are: liquid-liquid
demixing (the key role in this process), vitrification and solid-liquid demixing such as

gelation (crystallization of the polymer).

2.2.1.2 Liquid-liquid demixing

The ternary liquid-liquid demixing could be analysed by employing ternary diagram and

Flory-Huggins theory.

A ternary diagram is a triangle diagram in which the three corners of the diagram represent
the three components in polymer solutions: polymer, nonsolvent and solvent. Basically, the
diagram could be separated into two parts: homogeneous region and liquid-liquid demixing
gap. The liquid-liquid demixing gap can be reached when sufficient amount of nonsolvent
exists in the polymer solution or insufficient solvent is employed. Figure 2-3 gives an
example of a typical ternary diagram for liquid-liquid demixing analysis (6). When
nonsolvent is added to a polymer solution, the solution composition moves from the

solvent/polymer axis to the arrow direction in the triangular diagram (Figure 2-3). Upon
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reaching the bimodal line, the liquid-liquid demixing will take place. The binodal line is also
referred to as the “cloud point curve.” Inside the liquid-liquid demixing gap, there is a
subdivided region of spinodal demixing, the boundary of this demixing gap is named as
spinodal line. In order to understand the ternary diagram and liquid-liquid demixing process,
Flory—Huggins solution theory is very useful (23, 24). When analysing the polymer solution
mixing process, this theory offers a mathematical model of the thermodynamics of polymer

solutions using Gibbs free energy change for mixing a polymer with a solvent.

AG,, = RT[n;In@; +n, In @, + n,0,x;,] (1)

In this equation, n;and n, are the number of moles of solvent and polymer, respectively.

Similar to the moles of solvent and polymer, @; and @, are the volume fractions of solvent
and polymer respectively. R is the gas constant and 7 is the absolute temperature.Xx;, is a

parameter introduced to take the energy of interdispersing polymer and solvent molecules
into consideration. Also, sometimes in order to make the assumption more accurate, other

parameters can be taken into consideration too.

Many people have discussed the effect of these parameters on liquid-liquid demixing gap and
membrane properties casted by these polymer solutions, a brief summary will be given here

to show the parameters that influence the demixing process and demixing gap (6, 25-27):

e A polymer-nonsolvent interaction parameter determines the area of the liquid-liquid
demixing gap. High polymer-nonsolvent interaction parameters locate the intersection
of the demixing gap with the polymer-nonsolvent axis at a high polymer concentration.

e Low polymer-solvent affinity can increase the magnitude of the demixing gap.

e High solvent-nonsolvent interaction parameter, which means low affinity between
solvent and nonslovent, brings big differences in solvent/nonsolvent ratio in the

equilibrium phases.
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Besides, other parameters can affect y too, e.g. some papers mentioned that the ratio of the

homopolymer chain lengths could determine the value of y as well (28).

From the demixing point of view, the membrane formation process could be studied based on
the interaction parameters of solvent, nonsolvent and polymer, thus this theory is widely used
in membrane formation studies. It should be pointed out that this theory is more justified for

concentrated solutions than for dilute polymer solutions (29).

polymer

homogeneous
region

critical point 1

solvent nonsolvent

Figure 2-3 Liquid-liquid demixing gap. (6)

2.2.1.3 Liquid-liquid demixing and vitrification

Liquid-liquid demixing is not the only transition in membrane formation process. Other

transitions could take place and be demonstrated on the ternary diagram as well. For example,
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the formation of a glass from a polymer solution could be considered as a gel transition, and

it is also called as vitrification.

The boundary of glass transition, if plotted as a straight line, divides the diagram into several
parts of the liquid-liquid demixing gap, i.e. the glass state is divided into a homogenous stable
glassy state and a metastable glassy state. As for the liquid-liquid demixing gap, it is not
affected by the glass transition when the composition is below glass transition line. While it
can be influenced when the composition is above the glass transition line. From the phase
diagram, it is obvious that when the composition is located at high polymer concentration
area and close to polymer-nonsolvent axis, the polymer rich phase will vitrify. While the
vitrification is not the end of the phase separation process, the process will still take place in a

slow speed (30).

In the diagram, the composition of the interface can reach different parts through different
paths, for example, Radovanovic (31, 32) mentioned that due to the net outflow of solvent,
sometimes the composition of the interface can reach a homogenous glassy state without
entering the liquid-liquid demixing gap. While in other conditions, the composition will reach
the liquid-liquid demixing gap at first, then as the exchange between solvent and nonsolvent
continues, the polymer rich phase will keep moving towards the polymer-nonsolvent axis, as
the polymer concentration in polymer rich phase is relatively high, this phase will eventually
pass the glass transition. As an important transition during membrane formation process,
vitrification phenomenon has been widely studied for a few decades, the ternary phase
diagram of some common ternary polymer systems have already been studied and published
in membrane fabrication field. For example, as a commonly used polymer solution, the
polyphenylene oxide/trichloroethane (TCE)/ethanol system was studied by Burghardt (33),
and other researchers can easily make assumptions and models for this particular demixing
process. It should be mentioned that there are quite a few factors that can influence the
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vitrification process (glass transition), for example, the increased viscosity of polymer
solution can lower down the glass transition boundary significantly (34). More details will be

given later in this review.

2.2.1.4 Crystallization of polymers

The crystallization happens in phase transition process as well. This phenomenon can bring
significant influences to membrane formation process and determine many membrane
properties such as membrane morphology and other structures. Similar to the liquid-liquid
demixing gap and vitrification area, crystallization (liquid-solid demixing) could be indicated
on the phase diagram too. Many factors can determine the crystallization of polymers, among
which the polymer concentration of the solution and the molecular weight of polymer are
some of the key factors (35). More specifically, kinetic aspects can strongly influence the
crystallization: at high concentrations, the interpenetration of crystals can give rise to stiff
brittle crystalline gels. The existence of the crystalline gels could affect the membrane
morphology, and is influenced by other parameters. For instance, the formation of gels could
be promoted by stirring the solution, increasing the polymer concentration and increasing the
molecular weight of the polymer (36, 37). In this case, it could be seen that the molecular

weight plays an important role in membrane formation process.

In phase diagrams that have liquid-liquid demixing gap and solid-liquid demixing gap,
usually the liquid-liquid demixing gap is located at higher nonsolvent concentrations than the
solid-liquid demixing gap, and many studies have observed this phenomenon (38). Based on
this fact, it could be assumed that at higher nonsolvent concentrations, liquid-liquid
demixing transition is more likely to take place than solid-liquid demixing, and also the
composition of polymer solution can move from the crystallization gap to liquid-liquid

demixing gap when the concentration of nonsolvent increases.
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The crystallization of polymer sometimes is favored in some certain areas, for example,
highly porous membranes that are suitable for drug delivery could be obtained by solid-liquid

demixing induced fibre morphologies (39).

2.2.2 Demixing speed

Distinguished by the demixing speed, two kinds of demixing processes can result in two
different types of membrane morphology.

Instantaneous liquid-liquid demixing is a demixing in which the membrane is formed
immediately.

Delayed liquid-liquid demixing is a demixing in which the membrane formation process
takes some time to finish.

Figure 2-4 shows the composition path of these two types of liquid-liquid demixing process
at the very beginning of immersion in a nonsolvent bath (< 1s) (40). In figure 2-4, b
represents the bottom composition of the membrane film while ¢ represents the top
composition. It is indicated that the bottom composition did not change in the liquid-liquid
demixing process. In figure 2-4a, the path crossed the liquid-liquid demixing boundary,
which means that liquid-liquid demixing starts immediately after immersion. While in figure
2-4b, the path did not cross the boundary at the first one second of immersion process, which
means that the liquid-liquid demixing did not take place soon after the immersion. But in this
case, the liquid-liquid demixing will eventually happen after a while, compositions beneath
the top layer will cross the boundary then. Because of this, the morphologies of membranes
casted from these two polymer solutions will be completely different.

Generally, a membrane formed as a result of instantaneous demixing would have a relatively

porous top layers, and this type of membranes is usually used for
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microfiltration/ultrafiltration. And the delayed liquid-liquid demixing can form a relatively
dense top layer (40).

Other influences and the mechanisms of these two types of demixing process will be
discussed in the next session.

Polymer Polymer

Binodal N Binodal
Composition Composition

path

Tie line

o
Solvent Nonsolvent Solvent Nonsolvent
(A) {B)

Figure 2-4 Two demixings. (40)

2.2.3 Two dominating factors

During the membrane formation process, thermodynamic effect and kinetic effect are the two
dominating factors correlated with each other in the phase inversion process to determine the
membrane formation (10). The thermodynamic effect is influenced by solution’s
thermodynamic property, while the kinetic effect is mainly determined by the rheological
property of polymer solution. Generally speaking, the overall diffusion can be influenced by
the solution viscosity, which is the main factor that determines the rheological property of
polymer solution. The overall diffusion is inhibited by the increase of the solution viscosity
and favoured with the decrease of the solution viscosity. Consequently, the viscosity can

affect the exchange between solvent and non-solvent during the phase inversion process. In
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terms of macrovoid structures, those two factors play important roles in the formation of
macrovoid structures as well. More specifically, it is reported that the initial pores of
macrovoid structures is possibly initiated by non-homogeneous demixing on the cast solution
surface, which is favored by dynamic fluctuation caused by rapid exchange between solvent
and non-solvent; while the growth of the pores is affected by rheological property of the
solution. From the thermodynamic view point, enhanced thermodynamic instability, which
could be observed as the shift of the cloud point to the P-S axis on the ternary phase diagram,
promotes the instantaneous demixing in the phase separation process, resulting in thinning of
the top skin layer, and formation of more finger —like structure and less sponge-like structure
(7, 41). From the kinetic view point, on the other hand, the increase in viscosity brings higher
diffusion resistance, which decreases the solvent/nonsolvent exchange rate in the phase
inversion process. Consequently, this process could promote the delayed demixing and result
in the thickening of the top skin layer, as well as the formation of less finger-like structure
and more sponge-like structure (42). The finger-like and sponge-like structures are common
structures in membrane morphology. The effect of these structures on membrane

performances has been talked about a lot in some papers (41).

2.2.4 Two pore formation mechanisms

The dense surface layer of membrane is considered to be the selective layer that determines
the selectivity of membrane. The pore size is the key factor on this layer that controls a
membrane’s permeability. There are two types of pore formation mechanisms that need more
detailed discussions: Aggregate pores and network pores (43, 44).

Aggregate pores are larger than network pores and they could exit at the same time on
membrane surface layer. The aggregate pores are considered to originate from the interstitial

space between polymer aggregates; while the network pores are formed as the space between

19



polymer chain segments in each polymer aggregate. Many parameters will determine which
type of pore is favoured during the phase inversion process, and the pore size and pore size
distribution are significantly influenced by the factors such as casting solution concentration
and viscosity, additive in the casting solution, conditions under which the phase separation
takes places, solvent/nonsolvent exchange rate, the casting solution temperature and the
casting atmosphere, and the composition and the temperature of the gelation media. For
example, it is reported that the increase in the polymer concentration can decrease the
distance between the polymer aggregates and decrease the aggregate size too. Some papers
have covered this topic and studied the mechanisms of the formation of these two types of

pores (45).

2.3 Factors that can affect membrane properties and performances in
membrane fabrication process

2.3.1 Effect of the solvent used in membrane casting solutions

Different solvents used in membrane casting solutions can determine the membrane
properties and performances significantly. As solvents, the most important thing is that when
the solvent is used to dissolve a particular polymer, the polymer and solvent must be
completely miscible with each other to generate a homogeneous state. In polymeric
membrane fabrication field, the most commonly used organic solvents are N,N-
dimethylacetamide (DMAC), dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP)
and triethyl phosphate (TEP). Their solvent powers to a particular polymer are quite different
as well. For instance, for PVDF polymer, DMAC shows the strongest solvent power while
TEP shows a relatively low solvent power (46). It is quite obvious that when a solvent with
strong solvent power demands a larger amount of nonsolvent to induce phase inversion. Thus

when a solvent that has weak solvent power is used, a small amount of nonsolvent will be
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needed to induce the phase inversion process, resulting in the appearance of an earlier liquid-
liquid phase separation. In this case, macrovoids will be less likely to be formed and the
development of sponge like structure is favoured. Also, the affinity between solvent and
nonsolvent makes a difference as well: the weaker affinity may favor the formation of a
sponge-like membrane structure. Another property of solvent that can influence the
membrane formation process is the exchange rate between solvent and nonsolvent in the
immersion-precipitation process, lower exchange rate may favour the formation of shorter
finger-like structures with sponge structures while higher exchange rate may result in longer
finger-like (macrovoid) structures with less sponge-like structures.

The thickness of membranes is also largely determined by the solvent used in polymer
solutions. For example, literatures show that in some cases, when N-Methyl-2-pyrrolidone
(NMP) is used as a solvent, the shrinkage of membrane structure caused by the outflow of
solvent from the original polymer casting solution is limited due to the early formation of
membrane skin layer (46). While the outflow of a large amount of solvent before the
completion of phase inversion process may bring greater shrinkage of membrane. The early
formation of skin layer can also result in irregular macrovoids, as the outflow of the solvent is
prevented by the skin layer while the nonsolvent continues to enter. Thus NMP solvent

should not be considered as a good solvent for PVDF polymer casting solution.

2.3.1.1 Polymer solution additives

Polymeric membranes are casted from polymer solutions that usually consist of three
compositions: solvent, non-solvent and polymer. Sometimes other additives are added into
the polymer solutions to modify some membrane properties for different purposes. For
instance, due to the addition of other materials, membrane surface properties, membrane pore

size, membrane porosity, membrane morphology, membrane absorption performance and
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other properties can be significantly changed (47). More specifically, additives in membrane
casting solutions can be categorized into several types: polymeric additives (including high
molecular weight polymers and low molecular weight polymers (48)), solvent additives, non-
solvent additives, organic and inorganic acid and inorganic salt. Generally speaking, the

effects of different additives are summarized as follows:

2.3.1.2 Polymeric additives

The addition of high molecular weight polymers results in dramatic changes in polymer
solution properties and the structure of membranes. The porosity of membranes is usually
increased, the pores are well interconnected and macrovoid structure is also more likely to be
formed (48). Regarding membrane performance, it is reported that the addition of
polyvinylpyrrolidone (PVP) can also bring significant increase in membrane permeability
(49). Some explanations were given in literatures too. By adding new polymers into the
casting solution, a new quaternary system is formed as a polymer a/polymer b/solvent/ non-
solvent quaternary system, thus the interplay of two polymers on membrane formation
process should not be neglected. More precisely, in terms of the demixing of the two
polymers, Cabasso (50) mentioned that the micro phase demixing between the two polymers
could prevent the formation of the dense top layer, which can decrease the resistance for
liquid to go through membranes and enhance membrane performances. Also, phase
separation of polymer solution could be enhanced by the addition of high molecular weight
additives such as PVP. It is reported that by adding 5 wt. % PVP into 15 wt. % PS solution,
the demixing speed of solvent and non-solvent during membrane formation process was
accelerated due to the enhanced thermodynamic instability. PVP can also increase the
nucleation and membrane structure growth rate, since PVP is a hydrophilic polymer, so the
PVP in polymer solutions can promote water inflow in membrane formation process,

resulting in a faster growth rate. Another explanation is about the leaching of PVP into the
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water bath. It is worth mentioning that some researchers found the PVP leaching can result in
a decrease in the polymer concentration, and the promotion of nucleation and membrane
structure growth rate (51). The leaching of PVP can also benefit the formation of a porous
membrane top layer. In this way, PVP is acting as a demixing enhancer that accelerates the
phase separation in the polymer solution. The leaching efficiency could also be determined
by PVP content. Figure 2-5 shows the relationship between PVP content and PVP retention
factor (51). It should be pointed out that the higher retention factor leads to the lower
leaching efficiency. In other words, as retention factor decreases, PVP leaches more easily
into the water bath and form a porous membrane structure. In summary, because of the
addition of PVP, the macrovoid (finger-like structure) could be favored to be formed. While
by keeping adding more PVP into membrane casting solutions, the delayed demixing would
then prevail the instantaneous demixing. This fact is attributed to the increased rheological
hindrance (10). Because of high molecular weight polymers’ non-solvent and high viscosity
traits, high molecular weight polymers can bring huge influence to the interplay of
thermodynamic effect and kinetic effect in membrane formation process. But rather than
simply enhancing the thermodynamic effect, it actually acts as a complicated role depending
on its content in polymer solutions and its molecular weight. In terms of the effect of polymer

molecular weight on membrane structure and properties, a brief summary will be given below.

23



100
90

\
n N\
60 \
50 \

40

30 \ _—
20
10

(%'IM) J03DB4 UONURIDY dAd

5 10 12 15
PVP Content (wt. %)

Figure 2-5 Effect of PVP content on PVP retention factor. (51)

With regards to low molecular weight additives, even though it is always deemed as a second
polymer, but it could also be used to improve the morphology and performance of
membranes. Due to its low viscosity, it may act as high molecular weight additives that can
affect the phase inversion process in membrane formation and thus affects membrane
morphology. But other literatures also mentioned that the addition of a low molecular weight
additive can also result in the swelling of polymers or the formation of supermolecular

aggregates (52, 53).

2.3.1.3 Inorganic salt

Inorganic salts such as lithium chloride (LiCl), lithium nitrate (LiNO3) and lithium
perchlorate (LiClO4) can also bring dramatic effect on membrane properties and
morphologies. It is reported in literatures that the addition of LiCl can result in larger cavities
that extended the membrane thickness by 50% (54). And with the increase of the amount of
LiCl added, the cavities get larger (55). A more open structure of the membrane could be

formed due to the addition of LiCl by increasing the rate of PVDF precipitation during the
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immersion step. And the increased rate of PVDF precipitation is caused by the higher
tendency of the solvent to mix with non-solvent (water). It is also mentioned that better
membrane performance (gas permeation) (55) could be achieved and the viscosity of polymer
solutions could be changed by the addition of LiCl as well. In terms of membrane properties,
it is reported that membrane porosity and pore size were increased by the addition of LiCl
while the LEP was decreased.

Other inorganic salts can change membrane properties and performances as well. The
addition of LiClO4 to polymer solution was also reported to have effect on membrane
properties. The gelation of the polymer solution could be easily achieved with the presence of
2 wt% LiClO4 (46). Also, some papers reported that sodium carbonate can improve the pore
size distribution of the membrane as well (56). The formation of the skin layer and the
gelation process are also significantly affected by the addition of other inorganic salts, such
as potassium carbonate and sodium bicarbonate, resulting in the change of the skin layer

thickness and pore size distribution of membranes.

2.3.2 Casting Conditions

2.3.2.1 Temperature
Coagulation bath temperature can also affect the membrane properties. It is reported that the

bath temperature can influence the membrane coagulation rate (57).As the solvent outflux
and water influx speed could be accelerated by the higher coagulation bath temperature (58).
It is also found that at higher temperature, liquid-liquid demixing could suppress
crystallization process. More specifically, at the temperature of 50°C or higher, the liquid-
liquid demixing would be favored, thus a cellular morphology in the substrate and finger-like
structure are more likely to be formed. While at lower temperature, crystallization takes place
first by suppressing the liquid-liquid demixing. Besides, the pore size of membrane was

reported to be reduced when the annealing temperature reached 100°C (59).
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2.3.2.2 Effect of post-treatment

The post-treatment in membrane fabrication process can significantly affect the membrane
properties and performances too. The additives in gelation bath and the gelation bath

temperature are the factors that have been studied.

It is reported by Radovanovic et al. (32) that the change of solvent concentration in the
gelation bath can bring complex effects on membrane formation process. Small amount of
solvent as additives in the gelation bath could promote instantaneous liquid-liquid demixing
while large amount of solvent additives could delay the formation of membrane. Thus the

skin layer of membrane can be affected.

Great shrinkage of the wet polymeric membranes often takes place during the drying process
and the shrinkage can bring about the reduction of membrane porosity and/or pore size. One
of the main reasons to have post-treatment is to reduce the shrinkage by employing the

organic non-solvent exchange method (32).

2.4 Membrane mass transfer

Membrane mass transfer has been studied extensively in the membrane distillation field. The
methods to calculate the membrane transfer may vary from for membrane distillation
configurations. In this section, the mass transfer studies for the most basic membrane
distillation configuration- direct contact membrane distillation and vacuum membrane

distillation will be covered.

2.4.1 Direct Contact Membrane Distillation.
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The very basic membrane equation for the pressure driven mass transfer is

] = C,AP (2)

Where J is the membrane mass flux, Cn, is the membrane coefficient and 4Pis the pressure
difference between the feed and permeate surfaces of the membrane (13).

In the case of membrane distillation, the vapor pressure difference is used for the pressure
difference. Further, applying the Antoine equation for water(60), the pressure difference can
be replaced by temperature difference across the membrane surfaces when the separation

process is for pure water or very dilute aqueous solution, the equation becomes(17, 61):

dpP
] =0Cnp ar (Tf,m - Tp,m) (3)

Where Tgmand Tpm mean the temperature of membrane feed and permeate surface.

The membrane transport can also be expressed as the resistance to the vapour flow. Martinez
and Rodriguez-Maroto (13, 62) used this approach and listed the membrane coefficients
(reciprocal of the membrane resistances) for many membranes of different pore sizes. It was
found that membrane coefficient is mainly determined by polymer type, pore size and
temperature. In some studies, the membrane coefficient varies from 3.8%107 kg/m? Pa s to

21.5%107 kg/m? Pa s (63-66).

Many factors will have effects on the membrane coefficient, such as water activity, pore size

distribution, membrane fouling resistance, temperature and membrane structures (67-69).

242 Vacuum Membrane Distillation
In vacuum membrane distillation process, due to the removal of air trapped in membrane

pores, the molecular diffusion can be neglected when calculating membrane mass transfer
flux. Thus, it was suggested that the Knudsen mechanism and Poiseuille flow are used in this

case (70-72).
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It is widely acknowledged that (73) Knudsen type flow is predominant when the ratio of the
pore radius to the mean free path 7,/4 is less than 0.05. In this case, the molecule—pore wall
collisions dominate the vapor-transport mechanism and the molar flow rate (mol/s) of

component i can be calculated by (73):

pr =2 1 (O

t 3 RT \nM;

3
£ (Pym = Pip) )

In this equation, 7 is the pore radius where Knudsen flow mechanism if applicable; M; is the
molecular weight of vapor; R is the gas constant; P;, and P;, are the partial pressures at the
upstream and the downstream of the membrane surface, respectively. § is the membrane
thickness; and 7 is thepore tortuosity. It should be noted that P;,, and P;, correspond to Py
and P, in equation (4).

While when r,/4 is larger than 50, the molecule-molecule collisions will dominate and
viscous flow will take place, in this case, Poiseuille flow model should be employed, and the

equation used here is as below:

k _mry P 1

i =gy mrs Fim ~ Pip) )

In this formula, 7, is the pore radius where the Poiseuille flow mechanism is applicable, 7; is
the viscosity of species, and P is the average pressure in the pore.

When r,/A 1s between 0.05 and 50, both molecule-molecule and molecule-wall interactions
should be taken into consideration. Thus, another equation should be introduced to calculate

the flow rate (74):

kK _ T E(SRT)(E) 3

4
i = worr 3 o) 6T ;_:hp] (Pim = Pip) (6)

where r; is the pore radius where the above equation for the transition region is applicable.
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2.5 Membrane characterization

2.5.1 Membrane surface properties

Membrane surface properties can significantly affect membrane performances in many
aspects. For example, surface modification can reduce fouling that is considered as one of the
most serious drawbacks of the membranes for water treatment such as RO, NF, UF and MF.
Accordingly, the modified surface should be characterized (75, 76). Indeed, remarkable
progresses have been made recently for the membrane characterization. One of the important
methods is to characterize the membrane by its hydrophobicity/hydrophilicity character,

surface free energy and work of adhesion.

2.5.1.1 Membrane hydrophobicity/ hydrophilicity

Liquid contact angle is usually used to describe the membrane hydrophobicity/ hydrophilicity
property. The contact angle is defined as the angle that is formed when a liquid/vapor
interface meets a solid surface. It can be usually described as Young’s equation at a
thermodynamic equilibrium between the three phases: the liquid phase, the solid phase and
the gas/vapor phase:

0 = ¥s6 = ¥s. — Vsc cos bc (7

In this equation, fc is the contact angle, yg; is the solid-vapor interfacial energy, ¥, is the
solid-liquid interfacial energy and y;;is the liquid-vapor interfacial energy. Thus, the contact
angle is related with surface energy and the properties of the solid, the liquid as well as the
gas/vapor in this system.

When measured by using hydrophilic liquid (i.e. water), the increase in contact angle means
the increase in hydrophobicity and the decrease in the wettability of membrane surface.

Porous and hydrophobic membranes should be used in vacuum membrane distillation
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(VMD), which is an evaporative process that physically separates the aqueous liquid feed
from the gaseous permeate kept under vacuum (77). In order to fulfill this requirement,
polymers that have low values of the surface energy (high hydrophobicity) are used to make
membrane casting solutions. These polymers include polytetrafluoroethylene (PTFE),
polypropylene (PP), polyvinylidene fluoride (PVDF) and others (78). In this way, the feed
liquid cannot penetrate into the pores easily while the evaporated vapor can. This also ensures
that membranes for VMD have enough pores for vapour to go through. In terms of PVDF
membranes, it was reported in previous publications that membranes made from PVDF
(where the molecular weight of this PVDF material was not mentioned) exhibited the water

contact angle of approximately 86—88° (78).
2.5.1.2 Membrane Surface Free Energy and Work of Adhesion

Membrane surface free energy is a very important membrane property, for it determines the
liquid wettability, adhesion and repellency (79, 80). In order to calculate surface free energy,
the Lifshitz-van der Waals and polar, Lewis acid-base interactions are used as the following

Young equation:
LW. LW 1 + 1 + 1
(I +cosB)y, =2(vs" v )2+ 2(ysyvr )z + 2(vs vi )2 (8)

Where y is the surface free energy, the subscripts S and L indicate the solid/vapor and
liquid/vapor boundary respectively. LW, +, - mean the apolar or Lifshitz-van der Waals
component, Lewis acid component and Lewis base component of the surface free energy (81).
The three components of the surface free energy of solid (which means membrane), y:%, y&
and'y, ) are obtained by measuring the contact angles of three liquids, usually water, ethylene

glycol and diiodomethane From these surface energy components, the total surface energy of

membrane can be calculated as:

1
Vs = VEW +vE8 =y + 2(ydys )z ©)
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Adhesion is defined as the process of attachment of a substance to the surface of another
substance (82). In a typical solid-liquid-gas/vapor system, the contact angle is used to
quantify adhesiveness, and the smaller contact angle results in stronger adhesion. The work
of adhesion is calculated by using the Young-Dupre equation that describes the interactive
force between the liquid and solid phases (83). Higher work of adhesion value results in a
high degree of wetting between the used liquid and solid surface.

y(1 +cosb;) = AW (10)

The work of adhesion - as well as the liquid contact angle and surface free energy- is
supposed to be an intrinsic property of the polymer chemistry but in reality it is also affected

by surface roughness.
2.5.2 Surface Roughness

The surface roughness could be defined as the deviation of the actual membrane surface
topography from an ideal atomically smooth surface (84). As one of membrane properties it
plays an important role to decide the membrane performance, as it can affect the
transmembrane transport and fouling potential. Especially for RO and NF membranes,
surface roughness is one of the key factors that can determine membrane fouling (85). Other
researches also showed that for ultrafiltration membranes, the surface roughness can be
potentially correlated with the membrane pore size distribution and other membrane
properties as well (86). The average roughness is the mean value of the surface height
relative the centre plane. It is determined by including the volumes of the surface above and

below the plane. An equation could be used to calculate the surface roughness (Rava) (87):

|Z,—Z|

. (11)

— V'N
RAVG - Zn=1

N is the number of point in the sample area, Zn is the height of the sample point and Z is that
of the plane.
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Usually, roughness parameters can be calculated from the AFM image with an AFM software

program.

2.5.3 Liquid Entry Pressure

Porous hydrophobic membranes do not permit passage of water until a critical
transmembrane pressure difference is exceeded. Liquid entry pressure (LEP) is the pressure
difference at which the liquid penetrates into the largest pores of the hydrophobic membrane,
which is abbreviated as LEP (88). This critical pressure difference is correlated to the
interfacial tension, the contact angle of the liquid on the surface (surface free energy and
liquid-phobicity), temperature as well as the size and shape of membrane pores (63, 89). This
property is very important in membrane distillation process, since the pores of the MD
membrane should be filled only by vapour. Thus a high LEP in membrane distillation process
is favoured in this field. One of the advantages of employing LEP measurement to evaluate
membrane performance in membrane distillation is that the LEP only takes the pores that
connect both ends of the membrane into consideration, as the liquid cannot go through the
plugged pores. Consequently only active pores are included in this measurement and inactive
pores are excluded.

The pressure difference at the liquid-vapor interface could be expressed by using the Laplace-

Young equation (90).

It could be concluded from the equation that a membrane with high hydrophobicity, small
pore size, and high surface tension for the feed solution usually shows a high LEP (91). This
kind of membrane is favoured in membrane distillation process, while there is a dilemma that
small pore size may bring low membrane distillation flux. However, liquid is more likely and

easily to penetrate membranes in vacuum membrane distillation than other membrane
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distillation configurations, thus membranes that have small pore sizes are favoured in this

particular configuration (74, 92).

2.5.4 Membrane Pore Size and Porosity
There are three types of pores in polymeric membranes (93):

2.54.1 Pore Types

Cylindrical

Cylinder shaped pores are the pores that go through the whole membrane, which means that
this type of pores connects both sides of the membrane and allows feed to permeate through
the porous membrane. This type of pores is the most commonly assumed pores in membrane
distillations. These pores usually have lower surface areas as compared to other types of
pores.

Sponge

Sponge pores exist as randomly shaped cavities, channels, throughout the whole membrane.
These pores have relatively larger surface area that can more likely to trap particles. Unlike
the cylindrical pores, sponge pores are usually far less uniform.

Blind Pores

Blind pores are pores that do not go through the membrane and connect both sides of the

membrane. Thus there is no permeation through these pores.

2.5.4.2 Porosity, Pore size and pore size distribution measurement

Membrane porosity is a measure of the void spaces in a porous membrane and is expressed as
the fraction of the void volume over the total volume. Higher membrane porosity means that
the membrane has more void fractions. Thus it can result in larger evaporation surface area,

higher permeate flux and lower conductive heat loss (13).
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The optimum membrane porosity of membranes in membrane distillation systems is reported
to range between from 30% to 85% (94). By taking other membrane properties into
consideration, effective porosity is used to make the measurement more accurate. The
effective porosity ¢, is defined as the ratio of the porosity (¢) and the effective pore length (L)
(95):

ge=¢/Lp (12)

Membrane pore size is a key factor in membrane distillation. The increase in membrane pore
size will result in the increase in membrane distillation flux, while when the pore size is too
large the liquid will penetrate into the membrane and it will stop acting as a physical barrier.
Thus the membrane distillation cannot take place anymore. Hence when choosing the
membrane for membrane distillation, two factors should be considered in terms of the
membrane pore size: 1) The pores should be large enough to ensure a relatively high flux; 2)
the pores must be small enough to prevent liquid from penetrating through the membrane
under the membrane distillation operating conditions. Consequently, the optimum pore size
should be determined based on the operating conditions. Generally speaking, the pore sizes of
membranes used in membrane distillation processes should be in the range from 100nm to
lum (94, 96).

Molar flux through a pore is mainly related to some membrane characteristic parameters:
membrane’s average pore size, membrane porosity, membrane tortuosity and membrane

thickness. An equation is given below to show the correlation:
ree
r%is the average pore size for Knudsen diffusion or the average squared pore size for viscous

flux, € is membrane porosity, T is membrane tortuosity and § is membrane thickness. It can

be concluded from the equation that in order to maximize membrane distillation flux, pore
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size and membrane porosity should be increased while membrane tortuosity and thickness
should be decreased. It is reported that in some membrane distillation systems, porosity could
be the dominating factor (97). As membranes do not usually have uniform pore sizes,
membrane pore size distribution should be taken into consideration as well. Khayet (61)
reported that when mean pore size is used to calculate vapour transfer coefficient instead of
pore size distribution, the result may not be accurate. As a result, all the aforesaid parameters
should be considered when analysing membrane distillation models.
There are quite a few factors that can affect these membrane characteristics. For example, it
is reported that increasing polymer’s molecular weight would bring a larger pore size in the
skin layer of membrane, lower membrane porosity, higher strength and permeability and
lower rejection. The average pore size at the surface layer of asymmetric polymeric
membranes is increased by a decrease in polymer concentration (98). Because of the slowed
exchange between solvent and nonsolvent in the phase separation process, increased polymer
solution viscosity can also decrease membrane pore sizes. It is also reported that membranes
prepared with higher amounts of non-solvent additives in the polymer solutions have
relatively larger pore sizes (92).
With regards to membrane pore size and pore size distribution measurement, various methods
have been proposed (4):

1) Microscopic method

2) Bubble pressure and gas transport method

3) Mercury porosimetry

4) Liquid-vapor equilibrium method (BJH)

5) Gas-liquid equilibrium method (permporometry)

6) Liquid-solid equilibrium method (thermoporometry)
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Gas permeability method is a frequently used technique to measure the pore size of
membranes samples. This method can only measure the average pore size by measuring the
flow rate of a gas through a porous membrane while the pore size distribution cannot be
measured (99). Figure 2-6 shows the schematic of the measurement of gas permeation

method:

Bubble ﬁ .
Meter

Pressure
Regulator

Membrane |

uabounN

Figure 2-6 Gas permeation test setup.

The pressure regulator is used to control the pressure, and usually nitrogen is used. A bubble

flow meter 1s used to measure the gas flow rate.

The pore size is obtained by the method described by Khayet et al (100). According to the

method, the permeance is given as (101):

4 2 0.5 rp Pm rgs _
B = E(nMRT) E + S”RTZ =Io+ Sobn (14)

where B is the gas permeance (mol/m?sPa), M is the molecular weight of the gas (kg/mol), R
is the gas constant (J/moleK), 7"is the absolute temperature (K), 7, is the pore size (m), u is

the viscosity of the gas (Pa s), ¢ is the membrane porosity, L, is the effective pore length (m),
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and Py, is the mean pressure within the membrane pore (Pa), which is set equal to the average
of the feed and permeate gas pressures. From the linear plot of B versus P, slope S, and

intercept /, are obtained. The pore size, 7, is calculated by

_ 16 (So) (8RT*®
=3 (10) (nM) H (15)
This method has been widely used by many researchers. But the accuracy is one of the main

problems of using this method (4, 102, 103).
2.5.5 Investigations of membrane pore size and porosity by near field microscopy.

Microscopy has been widely employed to investigate membrane properties in membrane
researches. Usually three types of microscopy are mainly used: scan electronic microscope
(SEM), tapping mode atomic force microscopy (TM — AFM) and transmission electron

microscopy (TEM).

Banerjee et al (104) determined and tested a method to detect sheet uniformity by using a

SEM microscope.

Using a SEM microscope, paper samples were mounted at 90°C and photographed at a 25x
or 100x magnifications. A 3-D topography was created by having an electron beam traverse
the surface of the vacuum contained sample in the raster pattern. The impinged surface points
in turn emit secondary electrons and these are collected by an in column detector. However it
should be noted that due to the spatial arrangement, the angle between the electron beam and
locations on the sample surface will vary slightly. The result was an image, where lighter

areas represented fiber mass, and darker areas related to more void space.

The accuracy of this method was tested by comparing the effect of the addition of debonders
on membranes. Debonders can be used to decrease the roughness of a membrane side. It was
found that, using this SEM method, the roughness of the top half increased, but the roughness
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decreased for the bottom half, showing the accuracy of SEM in detecting membrane

roughness.

Another trial was done through the addition a c-PAM (a retention aid). c-PAM promotes fibre
flocculation which reduces uniformity. SEM detection in this manner was able to sense the

increase in SEM roughness index upon c-PAM addition.

Widiatmoko et al. (105) designed a method based on the principle that SEM images are
composed of greybit scale with integer scale of 0 — 255. Depressions or dips are represented
as dark areas, and peaks and heights as lighter areas. Given a top view SEM image of a
porous membrane, Widiatmoko et al. stated that it was possible to obtain pore size

information from dark pixels.

A program was created, where an SEM image file is read, and a threshold integer value is set.
Pixels within the SEM image darker than this threshold were defined as a pore, while pixels
lighter than this threshold value were considered peaks. When one pore was found the

program marked all adjacent dark pixels as a pore in order to determine the pore area.

However, the most difficult part is determining the threshold value. Should the threshold
value be too low, pores may be omitted, and should the threshold value be too high, adjacent

pores might be detected as a singular large pore.

The solution proposed was to determine the threshold value by using the cumulative
frequency of pixel values (the number of all pixels darker than a value divided by the number
of all pixels). Widiatmoko et al. found that after examination of SEM images, suitable
threshold values exist lower than the limit of 20% of the darkest pixels. The proposed method
offers a simple way to calculate pore size distribution of SEM images. However it is noted
that the performance is limited to solid porous materials, or materials containing holes. In

materials with no properly defined pores, this method proves to be inadequate. In addition,

38



the information within the analyzed images in this study was reduced to one-bit. This greatly
removes the majority of information contained in the image. This method may require

refining.

Khayet et al (92), used tapping mode atomic force microscopy (TM — AFM) to obtain mean
pore size and pore size distribution, pore density, surface porosity and roughness parameters
and then compared these values to those determined from a gas permeation test. More
specifically, laboratory prepared PVDF membranes and two commercial PVDF membranes
were structurally characterized by a tapping mode atomic force microscope (TM-AFM) on a
Nanoscope III equipped with 1553D scanner from Digital Instruments, Santa Barbara, CA,
USA. Small pieces approximately 0.5 x 0.5 cm in area were cut from the membrane. This
sample was then fixed over a magnetic holder. To obtain the pore size, cross-sectional line
profiles were chosen to traverse micron scan surface areas of the TM-AFM images (106).
The diameters of the low valleys (pores) were measured by a pair of cursors along the
reference line, where the horizontal distance between each pair of cursors was the diameter of

the pore.

When compared with mean pore sizes obtained from gas permeation tests, it was found that
TM-AFM methods obtained mean pore values that were 1.2 to 2.1 times higher than values
determined from the gas permeation test. In addition, it was found that the TM-AFM

determined mean pore sizes were also larger for commercial membranes GVHP and HVHP.

When values obtained using TM-AFM were used in calculations to determine VMD water
vapor flux, it was found that predictions obtained from the mean pore size values obtained by
TM-AFM were closer to experimentally measured values. While the values obtained by gas

permeation testing, were closer to the predictions.
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It is suggested by Phattaranawik et al. (107), that the low precision of TM-AFM method, may
be due to pore contraction during the metal coating procedure needed to prepare the
membrane for TM-AFM viewing. Results regarding TM-AFM analysis to determine mean
pore size are inconclusive. While water vapor flux using TM-AFM obtained values were
closer to experimental measurements, gas permeation obtained values were closer to

predictions.

2.5.6 Membrane Tortuosity and Thickness

Membrane tortuosity is used in cylindrical shape membrane model. The term tortuosity is a
property of curve being tortuous and commonly used to describe diffusion in porous media
(108). It can be calculated by expressing the length of the curve (L) to the distance between

the ends of the curve (C):

T=2 (16)

High tortuosity value can result in the increase in mass transfer resistance, thus brings low
permeate flux. Macki-Meares(109) suggested a most ideal correlation to maximize the

permeate flux in membrane distillation:

= (2—¢)?
&

(17)

There are two membrane thicknesses. One is the total membrane thickness and the other is
the thickness of the skin layer of the membrane. Membrane thickness is also a very important
membrane property. The effect of total membrane thickness on membrane performance
cannot be neglected. In membrane distillation systems, membrane thickness can significantly
influence the permeate flux. The increased membrane thickness will result in lower permeate

flux and less heat loss due to the increased mass transfer resistance. While the membranes
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used in membrane distillation systems should also be thick enough to fulfill the strength
requirement for membranes. It was reported that the optimum membrane thickness for

membrane distillation systems should range from 30um to 60um (110).

2.6 Membrane Distillation Operation Parameters

The operational conditions can significantly influence the MD efficiency, especially for
vacuum membrane distillation. Some of the parameters that affect the membrane
performance are as follows: feed temperature, vacuum degree, feed concentration, feed

recirculation rate and membrane type.

The feed temperature is one of the key factors that can determine the permeate flux. It is
reported that when the temperature difference between the hot and the cold fluid is constant,
the permeate flux is mainly determined by the hot fluid temperature due to high vapor
pressure on the feed side. Many researches have shown that increased temperature could
result in higher vapour flux due to the improved diffusion coefficient (111, 112). As a result
of the increased diffusivity, the mass transfer coefficient is also enhanced by the increased
feed temperature (113, 114).

As the vapour pressure decreases when the feed concentration increases, the permeate flux
can also decrease due to the decreased vapour pressure. Thus increased feed concentration
can lead to lower permeate flux (68). On the other hand, as the feed evaporates when
membrane distillation takes place, the feed concentration would increase. As a result the
permeate flux is reduced by the prolonged operation time (115). Some other literatures also

reported that the increase in acid concentration may cause the lessened permeate flux (116).

For vacuum membrane distillation, the vacuum level is another key factor that can influence

the permeate flux and VMD performance. Increase in permeate flux is observed by enhancing
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the vacuum level, since the water vapor pressure on the permeate side is significantly lowered,
thus the enlarged transmembrane pressure difference can bring about higher permeate flux.
Figure 2-7 shows the correlation between the vacuum level and the permeate flux at two
temperatures (112). The sensitivity of the flux is also reported to be reduced as the vacuum

level increases (117).
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Figure 2-7 The correlation between vacuum level and permeate flux at certain
temperatures.(112)

A membrane that has high porosity and large pore size is favoured in membrane distillation
configurations. Also, the membrane thickness and tortuosity should be carefully chosen when
determining which membrane should be used in certain membrane distillation systems. Such

discussions have been done in previous parts in this literature review.
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3.1 Abstract

In this study, membranes were fabricated from three polyvinylidene fluoride (PVDF) of
different molecular weights by the phase inversion process. The membranes so fabricated
were characterized by scanning electron microscopy, gas permeation tests, contact angle (CA)
and liquid entry pressure of water (LEPw) measurements, and further subjected to the test of
flux for vacuum membrane distillation (VMD) in a scenario that is applicable for cooling

processes, where the feed water temperature is maintained at 27°C.

The experimental results showed that the increase in PVDF molecular weight increased the
viscosity and thermodynamic instability of the casting solution significantly. Regarding
characterization and performance testing, the membrane prepared from the intermediate
molecular weight of MG 15 polymer showed the highest VMD flux (325g/m?-h) at the feed
temperature of 27 °C and the lowest LEPw (622 kPa) due to the largest pore size (49.8 nm)
observed among all the tested membranes. The highest flux of this particular membrane
seems also due to the thinnest finger-like and sponge-like layer. The surface properties such
as surface roughness, water contact angle and surface energy, on the other hand, did not

necessarily affect the VMD performance.

Key words: Polyvinylidene fluoride, three different PVDF, membrane characterization,

vacuum membrane distillation
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3.2 Introduction

Since the introduction of reverse osmosis membranes in 1960, there has been extensive
improvement and integration of membrane separation processes to be used in many fields of
engineering. Furthermore distillation membranes have also been explored to be used in a
system known as vacuum desiccant cooling(1), where the distillation membranes are instead,
used to provide a surface for water to be evaporated in a vacuum environment maintained by
the absorption of vapor by a desiccant. The membranes in question are able to sustain large
evaporation fluxes at comparatively low temperatures (e.g. 30°C) for application in vacuum

membrane distillation (VMD) cooling.

It is possible to prepare membranes from organic as well as inorganic materials. However, in
this study, polymeric materials are used. The membranes can be fabricated by using a profuse
amount of polymeric materials such as polysulfone (PS), polytetrafluoroethylene (PTFE),
polyvinylchloride (PVC) and polyvinylidene fluoride (PVDF). Most notably, PVDF has
already been used in ultrafiltration and microfiltration due to its high mechanical strength,
chemical resistance, and hydrophobicity. As a result, PVDF membranes are deemed to be

suitable for membrane distillation (2).

Many attempts have been made to improve PVDF membranes. In order to optimize and
enhance PVDF membrane performance, researchers have paid much attention to membrane
fabrication conditions such as; casting solutions, coagulation bath composition and
temperature due to their effects on the characteristics of PVDF membranes. However, there
has been limited information regarding the effect of the change in the viscosity and
thermodynamic properties of the PVDF solution, which are caused by different molecular

weights, on the structure and performance of PVDF based membranes.
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Therefore the objective of this study is to investigate the effect of the molecular weight of
PVDF on the morphology and VMD performance of PVDF based membranes. Membrane
properties and experimental conditions were mainly aimed at meeting requirements in
cooling garment research. The casting solutions made from PVDF of three different
molecular weights were characterized by viscosity and cloud point measurement. Membranes
so prepared were characterized by employing scanning electron microscopy (SEM),
membrane surface properties, gas permeation test, membrane porosity measurement, liquid

entry pressure of water (LEPw) and VMD testing.

3.3 Experimental Methods

3.3.1 Materials

PVDF of three different molecular weights were used in this sturdy: Kynar® 740 Pellet,
(Mw=410kD; melt viscosity 18.5+2.5 k Poise; melting temperature, Tm 160.1°C) (3), Kynar®
MG 15 Powder, (Mw= 1548 kD, melt viscosity 37 k Poise, density 1.77-1.79 g/cm?, melting
point 165-172°C) and Kynar®*HSV900 (Mw= 92840 kD, powder, melt viscosity 49.3 k Poise;
Tm 165.1°C ). The Kynar® HSV 900 PVDF was supplied as a resin powder from Arkema Inc.
(Philadelphia, PA, USA). Kynar® HSV900 is a homopolymer that has the highest viscosity
due to its high molecular weight among the Kynar® polymers (4). The Kynar®740 PVDF has
the lowest molecular weight and Kynar® MG 15 has the intermediate value. It is noted that
the melt viscosity (kPs@100 s™!) was measured using the ASTM D3835 at 232°C. Anhydrous
N, N-dimethylacetamide (DMAC) supplied by Sigma-Aldrich with the purity of 99.9% was
used as the solvent. Deionized water was used as the additive to the casting solution as well
as the coagulation media. The polyester non-woven fabric (Hollytex, grade 3396) was used as

the backing material. The air permeability is 0.009 cubic feet per minute per square meter
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(CFM) of fabric. The tensile strength (Ib. /in) is 85 and 52 in the machine direction (MD) and
cross direction (CD), respectively. The elongation (%) is 75 and 85 in the MD and CD,

respectively.

3.3.2 Preparation of Casting Solutions

The casting solutions were made with 1.25 wt. % water, 15 wt. % polymer material (5), and
83.75 wt. % N, N-dimethlyacetamide. The casting solutions were homogenized by a shaker
at an rpm of 180 and a temperature of 50°C. This process was run for a period of 48 h to

ensure that each solution was homogenized.

3.3.3 Membrane Casting Method

The homogenized polymer solutions were cast on a backing material made of a nonwoven
polyester backing material. Through the use of a brass casting bar, membranes were cast to a
thickness of 0.25mm (6). After waiting forl5 seconds, the backing material with the cast film
on top, was immersed into a coagulation bath of deionized water at 23°C and kept there for 4
h. Afterwards the partially solidified film was transferred to another deionized water (23°C)

bath for 20 h. The membranes were further dried under ambient conditions.

3.3.4 Characterization of Polymer Solution

3.3.4.1 Cloud Point Measurement

The cloud point measurement was done by titrating a polymer solution into an aqueous
DMAC solution. The polymer solution was composed of 66.66wt. % DMAC and 33.33 wt. %
of PVDF membrane casting solution. The titrant was composed of 33.33 wt.% water and
66.66 wt.% DMAC. Titration was carried out at 25°C by continuously dropping the titrant
into the polymer solution. At the first sign of turbidity, titration was stopped, and the solution

was shaken for 10 minutes until the solution turned transparent again. If, after 10 minutes, the
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solution remained cloudy, it was assumed that the cloud point was reached, and titration was
discontinued. For each casting solution, this measurement was done three times, and the
average value was calculated. A ternary phase diagram was constructed from cloud point

titration data.

3.3.4.2 Viscosity Measurement

The viscosity of the casting solutions was measured by using a rotational rheometer
(Brookfield, Synchro-Lectric Viscometer, model LVF). A number of testing valves were
filled with different polymer solutions. A spindle was connected with the torsion spring and
dipped into the solutions. The rotation factor was observed until the reading reached a
constant value. The viscosity of the polymer solutions were calculated using rotation factor,
spindle factor and rotation speed. This was done three times per different polymer solution,

and the average value per solution was taken.

3.3.5 Membrane Characterization

3.3.5.1 Scanning Electron Microscopy (SEM)

A scanning electron microscope (Tescan,Vegall XMU) was used to study the membrane
morphology. For this purpose, samples of the membrane were prepared by immersion into
liquid nitrogen to embrittle. Afterwards, the sample was broken and placed on the metal
holder. Anatech Hummer VII was used to coat the sample with conductive metal under a

vacuum.

For cross-sectional views of membrane samples, the membrane tested was peeled off from

the support material because the support material was too tough to break in liquid nitrogen.
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3.3.5.2 Gas Permeation Test

The mean pore size of the membranes was determined by the gas permeation test using the
experimental setup shown in Figure 3-1. Gas flow rate was measured by a bubble-soap flow
meter at five different trans-membrane pressure differences. Five measurements were made at

each pressure and the average value was reported.

The pore size was obtained by the method described by Khayet et al (5) by using permeance

calculated by equation [1] (7).

0.5 2
4 2 T & P =y
B=2(1) 24 fm o 4P o
SURT Ly, 0 omm o

Where B is the gas permeance (mol/m?s - Pa), M is the molecular weight of the gas
(kg/mol), R is the gas constant (J/mol-K), T is the absolute temperature (K), 7, is the
pore size (m), u is the viscosity of the gas (Pa - s), € is the membrane porosity, Ly, is the

effective pore length (m), and P, is the mean pressure within the membrane pore (Pa) set to

the average of the feed and permeate gas pressures.

According to the equation slope S, and intercept I, can be obtained by the linear plot of B

versusP,, the pore size 7, is calculated by equation [2].

_ 16 S0y BRT 0.5 "
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Figure 3-1 Gas permeation test equipment.

3.3.5.3 Membrane porosity measurement

The membrane porosity was measured by the wet and dry method. First, the membrane was
immersed in a liquid for 12 h. After blotting the membrane surface, the wet membrane was
weighed. Then, the wet membrane was dried in an oven at 50°C for 24h to thoroughly

evaporate the liquid in membrane pores. After that, the dry membrane sample was weighed.

The porosity of the membrane was calculated by using equation [3]:

_ Ww—-Wp,
Ahp

P x 100% (3)

Where P is the membrane porosity (%), Ww and Wp are the weight of the wet and dry
membrane (g), respectively; 4 is the membrane area (cm?); 4 is the membrane thickness (cm)

and p is the density of the liquid (g/cm?).
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Ethylene glycol and isopropyl alcohol were chosen as the liquid, because their surface
tensions are much lower than water. Consequently, membrane pores could be easily filled

with the liquid.

3.3.5.4 Measurement of Liquid Entry Pressure of Water (LEPw)

LEPw was measured by using the method developed by Smolders and Franken (8). The
membrane cell was a stainless steel filter holder with a reservoir of 200 mL and an effective

membrane area of 13.1 cm?(9). The experimental setup used is shown in Figure 3-2.

The dried membrane sample was placed on a sintered metal plate. The liquid reservoir was
filled with distilled water. Compressed nitrogen gas was fed into the reservoir starting at Spsi.
The pressure was increased steadily at an interval of 3-5psi, until water droplets continuously
flowed out of the testing cell. When this occurred, the pressure was no longer increased. The
pressure shown on the gauge was the LEPw value. For each membrane, five measurements

were made and the average value was calculated per membrane.
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Figure 3-2 Setup for LEPw measurement.

3.3.5.5 Membrane surface property

3.3.5.5.1 Water contact angle

Membrane hydrophobicity was characterized by measuring water contact angle using a VCA
Optima Surface Analysis System (AST Products, Inc. Billerica, MA). For each type of
blended composite membrane, two samples were casted for the purpose of measurement, one
of which was cut in parallel and the other was cut perpendicular to the longer edge of the

membrane sheet. The dimensions of those samples were Smmx80mm. The membrane sample
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was then placed on a glass plate and a small amount of distilled water (1 pL) was dropped by
employing a micro syringe (Hamilton Company, Reno, NV). The contact angle was
measured within a 10 s period. In order to maintain high accuracy, ten measurements were

done on each sample and the average water contact value was calculated.
3.3.5.5.2 Surface free energy calculation

The surface free energy y (also called as surface tension) is calculated by using the Lifshitz-
van der Waals (LW) method. In order to calculate the surface free energy, the Young
equation, Lifshitz-van der Waals (apolar), Lewis acid and Lewis base interactions are

considered as in the following equation:
LW, LWz +,-Ys — 4
(1 +cosO)y, = 2(ys"vt" )2 + 205 vz + 205 v1)? 4

This equation has been widely used, in which y is the surface free energy. The subscripts S
and L indicate the solid/vapor and liquid/vapor interface, respectively. The superscripts LW,
+, - mean the Lifshitz-van der Waals component (apolar), Lewis acid component and Lewis
base component of the surface free energy, respectively. The three components of the surface
free energy of the solid membrane, Y5, y& and yg, are obtained by measuring the contact
angles of three liquids, namely water, ethylene glycol and diiodomethane. Obtaining the
overall surface tension (y.) from experiments and knowing the surface tension components of
the above three liquids (y£Y, yi and y;) from the literature, three simultaneous equations can
be solved for the unknowns: y§"Y, y& and y5. The total surface energy of membrane 7s is

calculated by:

1
Vs = VY +v88 =y 4+ 2(vdys )2 )

The results are shown in Fig. 3-14.
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3.3.5.6 Vacuum Membrane Distillation (VMD)

Vacuum membrane distillation was conducted using an experimental setup which is shown in

Figure 3-3 following the method described by Suk et al (10).

Inside the permeation cell, the feed chamber was filled with de-ionized water. In VMD
configuration, a pump is utilized to create a vacuum (3.78 kPa absolute) on the permeate
side of the membrane to force the water vapor to permeate through the membrane. The
temperature of the feed chamber was maintained at 27°C through the use of a heating tape
(which was wrapped around the outside of the feed chamber). In addition, a magnetic stirrer
was used to stir the feed liquid to prevent extreme temperature polarization. Three cold traps
were cooled using liquid nitrogen. Permeated vapor was first collected in cold trap 1 for one
hour until the system reached the steady state. Once this was reached, the permeate stream

was allowed to enter cold trap 2. The condensation was collected for a predetermined time.

The membrane flux was calculated by equation [6].

Flus = ?A (6)

m is the weight of the water (kg) collected in cold trap 2 during the time

periodt (in seconds), through the effective membrane aread (m?).
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3.4 Results and discussion

3.4.1 Polymer solution characterization

3.4.1.1 Polymer solution viscosity

Due to the fact that solvent/nonsolvent exchange rate, the velocity of phase separation, and
the gelation dynamic are determined by the viscosity of membrane casting solutions. Thus the
viscosity of polymer solution can play an important role in the membrane formation process.
It has been proved that higher viscosity caused by higher molecular weight brings about
higher hindrance and decreases the solvent/nonsolvent exchange rate during the phase
inversion process, thus affecting the precipitation kinetics and the formation of membrane
morphology(6). The viscosity values of the casting solutions made by three molecular

weights PVDF polymers were measured and shown in Figure 3-4.
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©
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Figure 3-4 Viscosity of casting solutions with three types of PVDF
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The viscosity of casting solutions shows a drastic growth in Figure3-5. It is 500 Pa-s and
6000 Pa-s for membrane casting solutions made from the Kynar®740 PVDF and the MG 15
PVDF respectively, while for the HSV 900 PVDF, it reached 53,000 Pa-s. It is noted that the
solution viscosity (not the casting solutions used in this study) of the three polymers given by
Kynar Company’s official information is 100, 1700, and 8000 for Kynar®740, Kynar® MG 15,
and Kynar® HSV 900, respectively. The solution viscosity (nominal cps) was measured by

spindle viscometer by using 20 RPM #2 spindle at 20°C (4).
3.4.1.2 Cloud points

A polymer/solvent/nonsolvent ternary phase diagram is used to show the thermodynamic
instability of the casting solutions. The thermodynamic instability is a key factor that
determines membrane formation in the phase inversion process. As shown in Figure 3-5, the
cloud point of higher PVDF molecular weight is located closer to the solvent/polymer axis,
meaning that the solution made of higher PVDF molecular weight is thermodynamically
more unstable. Instantaneous liquid-liquid demixing progress is favoured by the instability of
polymer solutions. Consequently, higher molecular weight PVDF may result in a condition
that favours instantaneous liquid-liquid demixing. Thus finger-like macro-void structure

would be more likely to be formed (11).
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Figure 3-5 Cloud points of polymer solutions prepared by three types of PVDF

3.4.2 Membrane characterization

3.4.2.1 Scanning electron microscopy (SEM)

Figure 3-6 shows the cross-sectional SEM images of the membranes prepared by using
different PVDF polymers. The coated layers were peeled off in this experiment. The phase
inversion process can result in two parts in membrane morphology: the upper part with
finger—like macro-voids and the lower part with a dense sponge-like structure. Figure 3-6
shows both the above mentioned structures together with a thin top skin layer that is hardly
visible. In Figs. 3-6 a, b and c, it is observed that the thickness of the upper finger-like layer
diminished as the PVDF molecular weight increased from 740 to MG 15, and slightly

increased from MG 15 to HSV 900 PVDF. The macro-void structure also turned to be
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smaller and shallower as molecular weight increases. In the upper layer of the HSV 900
membrane, the amount of macro-voids is almost the same as the other membranes, even
though some of the channels did not grow in depth and width. The sponge layer is
significantly thicker in the HSV 900 membrane than others and the thinnest in the MG 15
membrane. The thickness of the entire cross-section showed the minimum in the MG 15

membrane and the maximum in the HSV 900 membrane.

The thermodynamic (cloud point) and the kinetic (viscosity) effect on the phase separation
could be used to explain the above observation. From the thermodynamic view point,
enhanced thermodynamic instability with an increase in the PVDF molecular weight,
observed as the shift of the cloud point to the PVDF-DMAC axis on the ternary phase
diagram, significantly promotes the instantaneous demixing in the phase separation process,
resulting in thinning of the top skin layer, and the formation of more finger—like structures
and less sponge-like structures (12, 13). From the kinetic view point, on the other hand, the
increase in viscosity with an increase in the PVDF molecular weight decreases the
solvent/nonsolvent exchange rate by increasing kinetic hindrance in the phase inversion
process, which promotes the delayed demixing, resulting in the thickening of the top skin
layer, and formation of less finger-like structures and more sponge-like structures (14).
Therefore, the thickest finger-like structure and the thinnest sponge-like structure are
expected to be formed in the intermediate range of molecular weight as a result of the
superimposition of the thermodynamic and the kinetic effect, if the thermodynamic effect

controls the phase inversion process earlier than the kinetic effect.

The cross-sectional images of Fig. 3-6 show that both the finger-like layer and sponge-like
layer of the MG 15 membrane are obviously thinner than other two membranes, even though
the MG 15 PVDF polymer has the intermediate viscosity and thermodynamic instability. The
formation of the thinnest finger-like layer is against the expectation. This means that the
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thermodynamic effect was not necessarily dominating the formation of the sponge-like layer.
Also, Kynar® MG 15 membrane shows a porous structure with well-formed macro-void
structure, and the channels there are shorter than the Kynar® 740 membrane but longer than
the Kynar® HSV 900 membrane. This means that the instantaneous liquid-liquid demixing
was not dramatically inhibited by the diffusive (kinetic) hindrance (caused by high viscosity).
On the other hand, the thinnest sponge-like layer observed in Kynar® MG 15 membrane was

as expected.
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Figure 3-6 Cross-sectional images of three PVDF membranes: (a) Kynar 740, (b) MG 15, and
(c) HSV 900.

In order to study the membrane surface roughness by using SEM top view images, Image J

software (15, 16) was used to digitize SEM images to 8-bit grayscale images. By plotting the
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pixel brightness data for each image, 256-level histograms of those SEM images were
converted. These histograms show the grayscale levels on the x-axis and pixel frequency on
the y-axis. Also, in order to study the surface morphology, three-dimensional graphs of the
pixel intensities in a grayscale were generated and used to simulate the surface conditions of
membrane samples. In histograms, the lighter areas (have lower grayscale) are considered to
present smooth polymer mass while the darker areas (have higher grayscale) are considered
to be void space/pores. The darker the pixel brightness, the deeper the void space was. Thus
the standard deviations of pixel brightness values can be used as a measure of surface
uniformity (15). Higher standard deviation represents higher surface roughness; and the
standard deviation is named as the surface roughness index here to quantify the surface
roughness of composite membranes. A histogram picture of Kynar®740 is shown in Fig. 3-7

as an example.

Count: 430332
Mean: 82.588
StdDev: 13.506
Min: 12

Max: 189

Mode: 85 (13194)

Count

255
Grayscale

Figure 3-7 A representative histogram of a Kyner 740 membrane.
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Figure 3-8 Surface roughness index with three types of PVDF.

It is shown in Fig. 3-8 that higher molecular weight leads to higher surface roughness. More
specifically, for the Kynar® 740 membrane, the surface roughness index is 13.27, which is
very close to the surface roughness index of the Kynar® MG 15 membrane (14.58). For the
Kynar® HSV 900 membrane, the index is 23.41, which may be caused by the higher

shrinkage of membrane surface casted from high molecular weight PVDF.
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Figure 3-9 Three dimension graphs of the intensities of pixels in a grayscale: (a) Kynar 740, (b)
MG 15, and (c) HSV 900.
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The 3D images of three membrane surfaces were shown in Figure 3-9. It is obvious that for
Kynar®HSV 900 membrane, the surface is rougher thanKynar®740 and Kynar® MG 15

membranes. The distance of the peak and bottom is larger than it is in other 3D images.
3.4.2.2 Gas permeation test

In regard to the gas permeation test, it should be mentioned that the intrinsic inaccuracy in the
measurement of the intercept and slope made the result unreliable. Thus the data here only
proves a comparison of pore sizes of the skin layers of three types of membranes. Figure 3-10

shows the pore sizes measured by using gas permeation test.

Kesting(17) suggested two possible pore formation mechanisms in polymeric membranes.
Pores in membrane structures are the void spaces that are filled with solvent in membrane
solutions. While during the liquid-liquid exchange in the pore formation process, the solvent
would quickly diffuse to water bath, which then formed the void space as pores. This space
can be generated either from the space that is surrounded by a large amount of spherical
polymer molecules (called network pores, see Figure 3-11a); or from a space generated
between aggregates which are formed by the agglomeration of individual polymer molecules

(called aggregate pores, see Figure 3-11b).

When the molecular weight of PVDF increased from Kynar®740 to Kynar® MG 15, the
aggregate pore formation mechanism is favoured and larger aggregate pores were formed.
However, as the molecular weight increases, the effect of polymer entanglement becomes
gradually more dominant as observed in the dramatic increase in viscosity. As a result, pore
size starts to decrease due to the formation of large amount of polymer entanglements. This
hypothesis could be given to explain the change of pore size in three different PVDF

membranes.
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Figure 3-10 Pore size of three PVDF membranes
A B

‘S— Polymer aggregate

Figure 3-11 Two types of pores.

3.4.2.3 Membrane Porosity Measurement
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As shown in Figure 3-12, the porosity of membranes was influenced by the molecular weight
of PVDF polymers. The high molecular weight in the Kynar® HSV 900 PVDF membrane has
the highest porosity (29.42%) while the porosity values of the Kynar®740 membrane

(21.81%) and the Kynar® MG 15 membrane (20.67%) did not show a significant difference.

In the literature, it was mentioned that high molecular weight polymer would result in a
porous membrane with relatively low porosity (6).But in this study, it was found that the
HSV 900 membrane had the highest porosity while the Kynar® MG 15 had the lowest
porosity. Both the viscosity and thermodynamic instability data of the MG 15 are in the
intermediate range compared with the Kynar® HSV 900 PVDF and the Kynar®740 PVDF. A
plausible explanation is that as the Kynar® HSV 900 PVDF solution has a significantly high
thermodynamic instability, the porous structure in the Kynar® HSV 900 PVDF membrane
would be easily initialized and formed, while as the viscosity of the Kynar® HSV 900 PVDF
is dramatically higher than the other two PVDF polymer solutions, the development and
growth of porous structures were highly inhibited by the kinetic hindrance caused by high
viscosity, thus the porosity of the Kynar® HSV 900 membrane is relatively higher than the

other two.
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Figure 3-12 Membrane porosity of three PVDF membranes.

3.4.2.4 Membrane surface properties

Figure 3-13 shows the data for the water contact angle. BothKynar®740 and Kynar® MG 15
membranes have almost the same value of 83°, while that of Kynar® HSV 900 membrane is

slightly lower (77.48°).
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Figure 3-13 Water contact angle of three PVDF membranes.

By employing the test of contact angle of ethylene glycol and diiodomethane, the surface

energy data is also obtained. Figure 3-14 illustrates that no significant difference was

observed among the surface energy data of three PVDF membranes.
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Figure 3-14 Membrane surface energy of three PVDF membranes

The membrane surface properties are determined by the type of polymer, solvent, nonsolvent
and additives in casting solutions. In this study, all the casting solutions were prepared by
using the same solvent (DMAC) and nonsolvent (water) at the same concentrations, and no
additives were added into casting solutions. The PVDF materials used are the same type of
polymers with different molecular weights, thus no obvious change brought about by the
molecular weight difference was observed on membrane surface properties. The minor
difference in membrane surface properties may have been caused by the differences in

membrane pore size and surface roughness.
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3.4.2.5 LEPw measurement

The LEPw values are displayed in Fig. 3-15. From the figure, all three membranes show very
high LEPw values. More specifically, the Kynar® MG 15 has the lowest LEPw (622 kPa),
while bothKynar®740 and Kynar® HSV 900 membrane show LEPw values higher than 700
kPa. As illustrated in Fig. 3-10, the MG 15 has the largest pore size (49.8 nm), which is
consistent with the lowest LEPw value. The high LEPw value of the Kynar® HSV 900
membrane could be explained by its small pore size (14.9 nm) and thicker membrane cross
sectional thickness. The LEPw values obtained for these membranes were larger than the
commercial PTEF membrane we tested. It should also be noted that Hwang et al. reported

158.58kPa for the PTFE membrane they tested (18).

1000
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Figure 3-15 LEPw value of three PVDF membranes.
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3.4.3 Vacuum Membrane Distillation Flux measurement

The flux data for VMD are shown in Fig. 3-16 for the PVDF membranes under study
together with the error bars. With its largest pore size among all three types of membranes,
thinnest cross section layer thickness and well-formed finger-like channels, the Kynar® MG
15 membrane shows the highest Flux value (325 g/m?h), even though its porosity is not the
highest one. Regardless of its relatively small pore size, the second highest flux value occurs
in the the Kynar® HSV 900 membrane (311g/m?h). This may be due to its highest porosity
which offers a larger space for water vapor to go through the membrane. For the Kynar®740
membrane, even though it has the medium porosity, pore size and cross sectional thickness,
its flux is relatively lower than the HSV 900 membrane and the MG 15 membrane. Indicating
the Kynar®740 membrane may cause higher resistance for water vapor to transport through

the membrane.
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Figure 3-16 VMD flux of three PVDF membranes
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3.5 Conclusion

In this study, three types of PVDF materials with different molecular weights were used to

prepare polymeric membranes. Then the membranes were subjected to characterization and

performance testing. It was observed that the molecular weight affected both membrane

properties and performances due to the change in the viscosity of the polymer solution and,

its thermodynamic instability. The following trends were observed in the experimental results.

1))

2)

3)

4)
5)
6)
7)

8)

The cross-sectional SEM images showed the thinnest finger-like and sponge-like
layers at the intermediate molecular weight of Kynar® MG 15 PVDF.

Surface roughness increased with an increase in molecular weight.

The pore size of the top skin layer showed a maximum at the intermediate molecular
weight of Kynar®MG15.

The membrane porosity increased with an increase in molecular weight.

The water contact angle decreased with an increase in molecular weight.

The surface energy increased with an increase in molecular weight.

LEPw showed a minimum at the intermediate molecular weight of Kynar® MG 15.

®

The VMD flux showed a maximum in the intermediate molecular weight of Kynar

MG 15.

From the observation given in 1), 3), 7) and 8), it can be concluded that the highest flux

shown by MG 15 is due to the largest pore size and the thinnest finger—like and sponge-like

layers, both of which cause the least resistance for the vapour transport through the
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membrane. The smallest LEPw is also due to the largest pore size of Kynar® MG 15

membrane.

On the other hand, the surface roughness, the membrane (bulk) porosity, contact angle and

surface energy are not necessarily associated with the VMD performance of the membrane.

It can also be concluded that the membrane performances and properties are determined by
the interplay of various factors such as polymer molecular weight, viscosity and
thermodynamic instability. Thus, future works are called for to cover a wider range of
molecular weights, viscosities and thermodynamic instability values. Also, the effect of
backing materials, casting solution additives and other factors should be combined with
molecular weight studies to have better insight of the membrane formation process, which

will ultimately lead to improved membrane design.
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4.1 Abstract

In this study membranes were fabricated from the blend of high (H) and low (L) molecular
weights polyvinylidene fluoride by the phase inversion process. The membranes so fabricated
were characterized by scanning electron microscopy, gas permeation tests, contact angle (CA)
and liquid entry pressure of water (LEPw) measurement, and further subjected to vacuum
membrane distillation (VMD) in a scenario that was applicable for cooling processes, where
the feed water temperature was maintained at 27°C.It was found that the H:L mixing ratio did
not affect the membrane surface hydrophobicity (as reflected by the CA) significantly. The
water vapor flux of VMD was found to be the highest at the intermediate range of H:L ratio,
i.e., 4:6, at which the thickness of the sponge-like layer showed a minimum, the pore size
showed a maximum, the finger-like macro-voids formed a more orderly single-layer structure,

and the LEPw showed a minimum.

Key words: Polyvinylidene fluoride, low and high molecular weight, blended membrane,

membrane characterization, vacuum membrane distillation
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4.2 Introduction

Since reverse osmosis membrane for seawater desalination was developed in 1960s, a
significant amount of progresses have been made in membrane separation processes to be
utilized in environmental, chemical, biological, physical and other areas and a large number
of membranes have been synthesized and tested for various applications. In addition to
applications in separation processes, distillation membranes have also been explored for the
use in different cooling processes. Of particular relevance, a novel cooling concept, vacuum
desiccant cooling (VDC), was demonstrated in our previous studies to be an effective
technology for niche applications such as personal cooling garment (1), in which distillation
membranes are used to provide the surface for water evaporation at a vacuum that is
generated by a vacuum pump but maintained by the adsorption of vapor by desiccant. The
membranes for application in VDC or other cooling processes are required to be able to
sustain large evaporation fluxes at relatively low temperatures, e.g., 30°C or less for

application with VDC for personal cooling.

Although synthetic membranes can be made from both organic and inorganic materials,
polymeric materials are most commonly used. A copious amount of polymeric materials can
be used to fabricate membranes, including polysulfone (PS), poly(ether sulfone) (PES),
polyacrylonitrile (PAN), polyamide, polyimide, polyethylene (PE), polypropylene (PP),
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polyvinylchloride (PVC)
and others. Among those different materials, PVDF (2) has been mainly applied in
ultrafiltration and microfiltration for a long time due to its high mechanical strength,
outstanding chemical resistance and high hydrophobicity, which made PVDF membrane also

suitable for membrane distillation (3).
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Aiming at optimization and enhancement of PVDF membrane performances, researchers
have paid attention especially to membrane fabrication conditions, i.e. membrane casting
solutions (additives, water content, polymer content, solution viscosity, etc.) and casting
conditions (casting temperature, coagulation bath composition and temperature, drying
methods, etc.) since they affect the characteristics of PVDF membranes significantly.
However, even though a large amount of studies have been done to investigate the effects of
casting solutions on PVDF membrane performances, the effect of molecular weight of PVDF

has not yet been systematically studied.

The objective of this work is to investigate the effect of the molecular weight of PVDF on the
morphology and the VMD performance of PVDF membranes. This work is also useful for
the membrane designing project in a Man-portable personal cooling garment research, in
which the first generation of this cooling garment applied desiccant cooling technology (1)
and VMD technology was employed in the second generation. Consequently, membrane
properties and experimental conditions were designed to meet the requirements in the cooling
garment research. Aiming at this goal, membranes are fabricated from PVDF materials of
different molecular weights and their blends, and they are characterized by gas permeation
experiments, vacuum membrane distillation tests, liquid entry pressure of water (LEPw) test

and scanning electron microscopy (SEM).

4.3 Experimental methods

43.1 Materials

Polyvinylidene fluoride (PVDF) of two different molecular weights: Kynar® 740 Pellet,
(average molecular weight 410kD; melt viscosity 18.5+2.5 kpoise; melting temperature, Tm

160.1°C) (4) and Kynar® HSV900 (Mw= 92840 kD, Powder, melt viscosity 49.3 kpoise; Tm
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165.1°C ) were supplied as resin powder from Arkema Inc. (Philadelphia, PA, USA).
According to the description on the product datasheet (5), Kynar® HSV900 is a
homopolymer that has the highest viscosity because it has the highest molecular weight
among the Kynar® polymers. And the 740 PVDF has the lowest molecular weight. It is
noted that the melt viscosity was measured using the ASTM D3835 at 232°C. Anhydrous N,
N-dimethylacetamide (DMAC) supplied by Sigma-Aldrich with the purity of 99.9% was
used as the solvent. Deionised water was used as the additive to the casting solution as well
as the coagulation media. The polyester non-woven fabrics (Hollytex, grade 3396) were
used as the backing material. The air permeability is 0.009 cubic feet per minute per square
meter (CFM) of the fabric. The tensile strength (Ib/in) is 85 and 52 in the machine direction
(MD) and cross direction (CD), respectively. The elongation (%) is 75 and 85 in the MD
and CD, respectively. A commercial PTFE (Teflon) unlaminated membrane was used as a
comparison. It was purchased from Sterlitech Company and the LEPw of this membrane

was 413.6kPa.

4.3.2 Preparation of casting solutions

All casting solutions contained 1.25 wt.% water, 15 wt.% polymers and 83.75 wt.%
dimethylacetamide. The additive and the solution composition were employed based on the
previous work done by Khayet and Matsuura (6). According to their work, the liquid entry
pressure showed the maximum value when the water content was less than 1.5 wt.%.For the
polymer, PVDF Kynar®900 (high molecular weight, H), PVDF Kynar® 740 (low molecular
weight, L) and their blends of different mixing ratios were used. The polymer solution is
coded as H: L according to the mixing ratio and the membrane made of the solution H: L is

also coded as H: L. The casting solutions were homogenized by a shaker at the rpm of 180 and at
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the temperature of 50°C. The homogenization was continued for 48 hours to ensure that all the

solutions were well homogenized.

4.3.3 Membrane casting method

The polymer solution was cast on a nonwoven polyester backing material, which was
generously supplied by the National Research Council of Canada, by using a brass casting
bar to a thickness of 0.25 mm(7). Then the cast film together with the backing material was
immersed into a coagulation bath (deionized water at 23°C) for 4 h, followed by transferring
the solidified film to another deionized water bath, where it was kept for 20 h. The membrane
was further dried under ambient conditions. The temperature was kept at 23°C during the

casting process.

4.3.4 Characterization of polymer solution

4.3.4.1 Cloud point measurement

The casting solution was diluted by DMAC to the dilution weight ratio of casting solution:
DMAC=1:3. The titrant was prepared by diluting water by DMAC to the dilution weight ratio
of 1:3. The titration was carried out at 23°C by continuously dropping the titrant into the
polymer solution from a burette until the clear polymer solution turned cloudy. Then the
solution was shaken for 10 minutes to observe if the turbid solution would become clear
again. If it did not, titration was stopped assuming that the cloud point was reached.
Otherwise, titration was restarted (8). For each casting solution, three measurements were

made and the average value was obtained.

4.3.4.2 Viscosity measurement

The viscosity of the casting solutions was measured by using a rotational rheometer

(Brookfield, Synchro-Lectric Viscometer model: LVF). Several testing vales were filled with
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different solutions. Then a spindle was connected with the torsion spring and dipped into the
solution. The motor was turned on and the rotation factor was monitored on the dial until it
reached a constant value. The viscosity of the casting solutions was calculated according to
the rotation factor, spindle factor and rotation speed. For each solution, three measurements

were made and the average value was recorded.

4.3.5 Membrane characterization

4.3.5.1 Scanning electron microscopy (SEM)

In order to study membrane morphology, cross-sectional SEM images of membrane samples
were taken by using a SEM system (Tescan, Vega II XMU). The membrane was immersed
into liquid nitrogen to embrittle, and then the sample was broken. After being positioned on a
metal holder, the sample was sputtered with conductive metal coating under vacuum. The

coating machine used was Anatech Hummer VIL

For cross-sectional views of membrane samples, the membrane tested was peeled off from

the support material because the support material was too tough to break in liquid nitrogen.

4.3.5.2 Gas permeation test

The mean pore size of the membranes was determined by the gas permeation test using the
experimental setup shown in Figure 4-1. Pressurized nitrogen gas was supplied from a
nitrogen cylinder to the permeation cell. A bubble-soap flow meter was employed to measure
the gas permeation rate through the dried membrane sample at different transmembrane
pressure differences. For each membrane, five measurements were made at five different

pressures, and the average value was recorded for each pressure. The pore size was obtained
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by the method described by Khayet and Matsuura (6).According to the method, the

permeance is given as (9)

0.5
2 TpE P rP.,
( ) +8;{RTL _I +SP @

where B is the gas permeance (mol/m?'s-Pa), M is the molecular weight of the gas (kg/mol), R
is the gas constant(J/mol-K), T is the absolute temperature(K), 7, is the pore size (m), u is the
viscosity of the gas (Pa s), ¢ is the membrane porosity, L, is the effective pore length (m), and
P, is the mean pressure within the membrane pore (Pa), which is set equal to the average of
the feed and permeate gas pressures. From the linear plot of B versus P, slope S, and

intercept /I, are obtained. The pore size, 7, is calculated by
16 .5,
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Figure 4-1 Gas permeation test equipment.
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4.3.5.3 Membrane porosity measurement

The membrane porosity was measured by the wet and dry method. First, the membrane was
immersed in liquid for 12 h. After blotting the membrane surface, the wet membrane was
weighed as Ww. Then, the wet membrane was dried in an oven at 50°C for 24hto thoroughly
evaporate the liquid in membrane pores. After that, the dry membrane sample was weighed

again. The weight of dry membrane was recorded as Wp.

The porosity of membrane could be calculated by using the equation:

_ (Ww—-Wp)
P = —anp X 100% 3)

Where P is the membrane porosity (%), Wwand Wp are the weight of the wet and dry
membrane (g), respectively; 4 is the membrane area (cm?); 4 is the membrane thickness (cm)

and p is the density of the liquid (g/cm?).

Ethylene glycol and isopropyl alcohol were chosen in this research as the liquid used to wet
membrane samples, because their surface tensions are much lower than water. Consequently,

membrane pores could be easily filled with the liquid.
4.3.5.4 Liquid entry pressure of water (LEPw) measurement

LEPw was measured according to the method of Smolders and Franken (10). The
experimental setup used is shown in Figure 4-2. The membrane cell was a stainless steel filter
holder with a reservoir of 2 x 10* m~and an effective membrane area of 0.00131m? (11).A
dry membrane sample was placed on a sintered metal plate and the liquid reservoir was filled
with water. Compressed gas (nitrogen) was supplied to the reservoir from the nitrogen

cylinder, and the pressure was increased stepwise by using a precision pressure regulator at
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an interval of 20.684- 34.473 kPa until water drops started to flow continuously from the
testing cell outlet. At this point, the LEPw value was read from the pressure gauge. For each

membrane sample, five measurements were made and the average value was recorded.

Pressure gauge

|L Regulator

-

Liquid
Reservoir

Membrane

r—» AR :

Nitrogen Grid
cylinder

Figure 4-2 Setup for LEPw measurement.

4.3.5.5 Membrane surface property

4.3.5.5.1 Water contact angle

Membrane surface property is a very important membrane property that determines the liquid
wettability, adhesion and repellency properties of polymeric membranes (12). Membrane
hydrophobicity was characterized by measuring water contact angle using a VCA Optima
Surface Analysis System (AST Products, Inc. Billerica, MA). For each type of blended

94



composite membrane, two samples were casted for the purpose of measurement, one of
which was cut in parallel and the other was cut perpendicular to the longer edge of the
membrane sheet. The dimensions of those samples were Smmx80mm. The membrane sample
was then placed on a glass plate and a small amount of distilled water (1 pL) was dropped by
employing a micro syringe (Hamilton Company, Reno, NV). The contact angle was
measured within a 10 s period. In order to maintain high accuracy, ten measurements were

done on each sample and the average water contact value was calculated.
4.3.5.5.2 Surface free energy calculation

The surface free energy y (also called as surface tension) is calculated by using the Lifshitz-
van der Waals (LW) method. In order to calculate the surface free energy, the Young
equation, Lifshitz-van der Waals (apolar), Lewis acid and Lewis base interactions are

considered as in the following equation:
LW, LWz +,-Ys — 1+
(1 +cosO)y, = 2(ys"vt" )2 + 205 vz + 205 v1)? 4

This equation has been widely used, in which y is the surface free energy. S and L indicate
the solid/vapor and liquid/vapor boundary, respectively. LW, +, - mean the Lifshitz-van der
Waals component (apolar), Lewis acid component and Lewis base component of the surface
free energy, respectively (13). Knowing the overall surface tension (y;) from experiments and
obtaining the surface tension components of the above three liquids (y=",y{ and y{) from
the literature, three simultaneous equations can be solved for the unknownsys"W, y¢ and yg.

The total surface energy of membrane ys is calculated by:

1
Vs = VY +v88 =y + 2(vdys )2 )
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4.3.5.6 Vacuum membrane distillation (VMD)

Vacuum membrane distillation (VMD) was conducted by using a laboratory setup shown in
Figure 4-3 according to the method described by Suk et al. (14). The feed chamber of the
permeation cell was filled with deionized water and vacuum (3.78 kPa absolute) was applied
on the permeate side so that water vapor permeated through the membrane. The effective area
of the membrane was 0.0011 m?. The feed chamber was slightly heated by the heating tape to
maintain the temperature at 27°C. The feed liquid was stirred by a magnetic stirrer to prevent
severe temperature polarization. The permeated vapor was first collected in the cold trap 1,
cooled with liquid nitrogen, during the first 1 h until the system reached the steady state. Then,
the permeate stream was switched to the cold trap 2, also cooled with liquid nitrogen, to

collect the condensate for a predetermined period.

The VMD flux was calculated by

Flux = g (6)

Where m (kg) is the weight of water collected during the time period ¢ (s) through the
effective membrane area 4 (m?). VMD experiments were performed at a rather low feed

temperature of 27°C, since potable cooling garment is kept near body temperature.
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Figure 4-3 Vacuum membrane distillation set up.

4.4 Results and discussion

4.4.1 Polymer solution characterization

4.4.1.1 Polymer solution viscosity

The viscosity of polymer solution is an important factor in membrane forming process. It can
affect the solvent/nonsolvent exchange, the velocity of phase separation, and the gelation
dynamics (7).More specifically, higher viscosity can slow down the solvent/nonsolvent

exchange rate during the phase inversion process, thus affecting the precipitation kinetics and
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the formation of membrane morphology (7). Hence the viscosity of the casting solutions was
measured and Figure 4-4 shows the experimental results. From the figure 4-4, the viscosity
increases from the mixing ratio 0:10 to 10:0, i.e. with an increase in the content of high
molecular weight PVDF. In particular, the viscosity increase is dramatic when the mixing

ratio is above 5:5.

6 x 104

4 x 104

Viscosity (Pa.s)

2 x 104 -

0_ I I I I I I I
0:10 2:8 3:7 4:6 5:5 6:4 7:3 8:2 10:0

H:L ratio (w:w)

Figure 4-4 Viscosity as a function of H/L mixing ratio.

4.4.1.2 Cloud points

The location of the cloud point on the polymer/solvent/nonsolvent ternary phase diagram
shows the thermodynamic stability of the casting solution in the phase inversion process (8).
Figure 4-5 shows the cloud points of the polymer solutions for different H: L ratios. It could
be indicated that as the mixing ratio increased from 0:10 to 10:0, the cloud point moved
towards the solvent/polymer axis progressively, meaning that the thermodynamic instability
of polymer solutions grew progressively as the content of high molecular weight PVDF
increased in blend PVDF system. As the instantaneous liquid-liquid demixing progress is

favoured by the instability of polymer solutions. Consequently, the increase of H:L ratio may
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result in a condition that favours instantaneous liquid-liquid demixing. Thus finger-like

macrovoid structure would be more likely to be formed.

DMAC (solvent)

Figure 4-5 Cloud points of polymer solutions with different H:L mixing ratios.

4.42 Membrane characterization

4.4.2.1 Scanning electron microscopy (SEM)

Figure 4-6 shows the cross-sectional SEM images of the membranes with different H: L
mixing ratios. The figure 4-6 shows that the image consists of two parts; the upper part with
finger —like macrovoids and the lower part with a sponge-like structure. In Figure 4-6a, b, ¢
and d (H: L ratios 0:10, 2:8, 4:6, and 6:4), it is observed that both the upper and the lower

layer thicknesses decrease and, as a result, the thickness of the entire cross-section decreases
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as the H: L ratio increases. From Figure 4-6d to Figure 4-6f, on the other hand, the trend is
reversed. In particular, when we focus on the thickness of the lower sponge-like layer, it
decreases from Figure4-6a to Figure 4-6d and increases from Figure 4-6d to Figure 4-6f. In
other words, a minimum in the thickness of the lower sponge-like layer appears at the middle

range of the H: L mixing ratio.

The formation of the porous membrane structure could be attributed to the demixing that
happened in immersion precipitation process. Demixing is defined as the separation of the
homogeneous polymer solution, which results in two phases: the polymer-rich phase that
forms the continuous solid phase of the membrane structure and the polymer-poor phase
which forms the pores in membrane structure. Due to this process, an asymmetric membrane
with a dense thin top layer and a porous sublayer can be created (7). The difference in
membrane structures in blend composite membranes can be attributed to the interplay of the
thermodynamic (cloud point) and the kinetic (viscosity) effect on the phase separation. From
the thermodynamic view point, enhanced thermodynamic instability with an increase in the H:
L mixing ratio, observed as the shift of the cloud point to the PVDF-DMAC axis on the
ternary phase diagram, promotes the instantaneous demixing in the phase separation process,
resulting in thinning of the top skin layer, and formation of more finger—like structure and
less sponge-like structure (15). From the kinetic view point, on the other hand, the increase
in viscosity with an increase in the H:L mixing ratio decreases the solvent/nonsolvent
exchange rate in the phase inversion process, which promotes the delayed demixing, resulting
in the thickening of the top skin layer, and formation of less finger-like structure and more
sponge-like structure(16). Therefore, the thickest finger-like structure and the thinnest
sponge-like structure are expected to be formed as a result of the superimposition of the

thermodynamic and the kinetic effect.
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Figure 4-6 Cross-sectional images of the membranes: a) H:L = 0:10, b) H:L =2:8, c) H:L=4:6, d)
H:L=6:4, e) H:L=8:2,and f) H:L=10:0.

Membrane surface roughness is also studied in this research by employing SEM top view
pictures. SEM images were digitized to 8-bit grayscale images by employing Image J
software (17, 18). Then 256-level histograms of those SEM images were converted from
plotting the pixel brightness data for each image. These histograms show the grayscale levels

on x-axis and pixel frequency on y-axis. Also, in order to study the surface morphology,
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three-dimensional graphs of the intensities of pixels in a grayscale were generated and used to
simulate the surface conditions of membrane samples. In histograms, the lighter areas (have
lower grayscale) in this case was considered to present to smooth polymer mass while the
darker areas (have higher grayscale) are considered to be void space/pores. Darker pixel
brightness presents deeper void space. Thus the standard deviations of pixel brightness values
could be used as a measure of surface uniformity (18). Higher standard deviation represents
higher surface roughness; and the standard deviation was named as the SEM roughness index

here to quantify the surface roughness of composite membranes.

A representative histogram picture of SEM images taken in this study is shown in Figure 4-7.

Count: 238420
Mean: 101.214
StdDev: 22.412
Min: 6

Max: 189

Mode: 101 (4106)

Count

0

Grayscale

255

Figure 4-7 A histogram picture of a SEM image H:L=4:6.

Table 4-1 Surface roughness index value in histograms and H:L mixing ratio

Membrane sample H:L Surface roughness index
2:8 33.16
4:6 25.51
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6:4 31.44

8:2 30.78

For each composition, two samples were used to take SEM pictures. For each sample, 10
histograms were generated from random areas and the mean surface roughness index values

were calculated (Table 4-1).

It can be concluded that, for the membrane sample casted by using blend solution with the
mixing ratio of 4:6, its SEM image has the lowest standard deviation of the grayscale value
(25.51) - which indicates that the surface roughness index of this sample is the lowest. While
for other three histograms of other SEM images, their standard deviation values are very
close to each other, i.e., for the samples casted by using polymer solutions with the mixing
ratios of 2:8, 6:4 and 8:2, the surface roughness index values are 33.16, 31.44 and 30.78,
respectively. It shows that the difference between these standard deviation values is not very

significant. Even though the 2:8 sample has obviously the highest value.

The three dimension graphs of the intensities of pixels in a grayscale were generated, as

presented in Figure 4-8.
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Figure 4-8 Three dimension graphs of the intensities of pixels in a grayscale. a) H:L=2:8,
b)H:L=4:6, c) H:L=6:4, and d)H:L=8:2.

It can be seen from the three dimension graphs that 4:6 sample has obviously the lowest peak
greyscale value and the gap between the peak and bottom is smaller than the three dimension
graphs of other samples. Also, the surface of the 4:6 sample is more even and smooth than
other samples as well. Thus it could be concluded that the membrane casted by using the
polymer solution with a mixing ratio of H:L= 4:6 has the smoothest surface. The surface

roughness of this membrane is lower than other samples.

4.4.2.2 Gas permeation test

The pore size was determined by the nitrogen gas permeation method. Figure 4-9 shows the

results of the experiments. It should be noted that for the membrane made of low molecular
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weight Kynar® 740 only (H: L mixing ratio 0:10), the nitrogen gas flux was very low,
suggesting the presence of the smallest pore among all the tested membranes. Moreover
inaccuracy in the measurement of intercept and slope made the result unreliable. Hence, the
data are shown only for the H:L mixing ratio 2:8 and above. In Figure 4-9, the maximum in
the pore radius (0.0327 um) was observed at the H:L mixing ratio of 4:6. Note that at around

this ratio, the minimum in the thickness of the sponge-like layer also appeared.

A plausible explanation can be provided by the two mechanisms proposed by Kesting (19)
for the formation of membrane pores. In which it was mentioned that the pore could be
formed from a solvent-filled space in a film casting solution which is surrounded by a large
amount of spherical polymer molecules (called network pores, see Figure 4-10 a); while
another mechanism is that the pore can be formed from a space generated between aggregates
which are formed by the agglomeration of individual polymer molecules (called aggregate

pores, see Figure 4-10 b). The latter pore is obviously larger than the former pore.

Most likely, the formation of aggregate pores becomes more dominant as the content of high
molecular weight PVDF increases in the polymer blend, which leads to an increase in the
pore size. However, as the molecular weight increases, the effect of polymer entanglement
becomes gradually more dominant as observed in the dramatic increase in viscosity. As a
consequence, the voids between the polymer aggregates are filled with the polymer segments
and the pore size starts to decrease. Probably, these two opposing effects has resulted in a

maximum in the pore size as the H;L ratio is increased.
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Figure 4-9 Pore radius of membranes with different H:L ratios.
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Figure 4-10 Formation of a) network pores and b) aggregate pore.
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4.42.3 Membrane Porosity Measurement

Figure 4-11 illustrates the effect of H:L ration on the porosity. The porosity of the PVDF-
coated membrane shows a maximum (27.65 %) at the H:L ratio of 6:4. While at the mixing

ratio of 4:6, the porosity shows the second highest value (25.32%).

These results coincide with the trend observed by the SEM observation, i.e. thick finger-like
void layer and thin sponge-like void layer, which appeared in the middle range of H:L ratio.
As well, it coincides with the position of the maximum of pore radius, and the minimum of

LEPw, both of which were also observed in the middle range of H:L ratio.
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Figure 4-11 Membrane porosity with different H:L mixing ratios.
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4424 LEPw measurement

The experimental data for LEPw is shown in Figure 4-12 for different H:L mixing ratios. The
minimum values in LEPw of water appeared at the H:L ratios of 3:7 (422.5kPa) and 4:6
(471.8 kPa), which approximately coincide with the H:L value of 4:6 where the maximum
pore size was observed (see Figure 4-9). It is quite natural considering the Laplace equation

Ap =2 (7

Tp

Where 4p is the pressure required for water to enter the pore of radius 7, and o is the surface
tension of water. The LEPw values obtained for these membranes were larger than the
commercial PTEF membrane we tested. It should also be noted that Hwang et al. reported

158.6kPa for the PTFE membrane they tested (20).

1000
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H:L ratio (w:w)

Figure 4-12 LEPw value of membranes with different H:L mixing ratios.
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4.42.5 Membrane surface properties

4.4.2.5.1 Water contact angle

The water contact angles are shown in Figure4-13 for all the tested membranes. For each sample,
10 measurements were taken and the mean values of water contact angles were calculated.
Membrane sample with the mixing ratio of 6:4 has the highest water contact angle, reaching
88°, which is close to the values reported earlier, 86—88° (21). The lowest water contact angle

(70°) was obtained when the H:L ratio was 7:3.

100
;—\ 75_
AL
(@)

o

©

+—

(6]

8 50

=

O

(@]

A

Qo

©

=
257
0_

0:10 2:8 3.7 4.6 5:5 6:4 73 8:2 10:0
H:L ratio (w:w)

Figure 4-13 Water contact value of blended composite membranes.

4.4.2.5.2 Surface energy
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After measuring water contact angle, those of ethylene glycol and diiodomethane were also
measured to calculate the surface free energy of the membrane samples. Surface free energies
were then calculated by using equation 4. The experimental contact angle data and the

surface free energies are summarized in Table 4-2.

Table 4-2 Membrane contact angle measured by using three liquids and calculated surface
energy.

Mixing ratio contact angle contact angle contact angle Surface free
High:Low water(°) ethylene glycol(°) | dilodomethane(®) | energy,ys (mJ/m>)
0:10 83.65 44.77 52.17 37.29
2:8 78.54 41.69 50.04 39.56
3.7 77.14 42.8 42.87 42.35
4:6 74.91 41.41 39.63 35.31
5:5 76.88 41.21 44.39 42.06
6:4 88.35 44.33 55.15 34.37
7:3 70.62 45.11 48.74 39.82
8:2 80.21 49.78 52.65 37.08
10:0 77.48 48.29 45.95 40.06

It can be concluded from the table that the surface free energy is not significantly influenced
by the H:L ratio. The largest surface free energy (42.35 mJ/m?) was obtained when H:L ratio
was 3:7, while the lowest surface free energy (34.37mJ/m?) was obtained for the ratio of 6:4,
which is in excellent agreement with the values (36.2mJ/m?-42mJ/m?) reported previously
(22, 23). There was no definite trend in the relationship between surface energy and the H:L

ratio. In membrane distillation process, the hydrophobicity of membrane is of vital
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importance. Generally, membranes for VMD process should be highly porous and
hydrophobic. Also good thermal stability and chemical resistance to the feed solution are
very important. Polymers that have low value of the surface energy such as PP, PTFE and
PVDF are normally used to fulfill aforesaid requirements. In this way, the feed liquid cannot
penetrate into the pores easily to ensure that the VMD process has enough pores for vapour to

go through membranes.

In blend polymer systems, because of the intrinsic immiscibility of polymer blends, polymer
mixtures would demix during the rapid membrane formation process. Due to this fact,
immiscible blends usually have combined properties of polymers in blend systems, but they
also show segregated structures that are determined by the predominant polymer’s properties.
Some literatures have already shown that the domain structures are influenced by changing
the mixing ratios of polymers in blend systems (24). The process that polymers migrate in

blend polymer systems is called migration.

Aiming at explaining this phenomenon, two possible theories have been discussed by some
authors. The surface free energy theory explains that the migration is mainly determined by
the polymers’ surface free energy differences. More specifically, the component that has
lower surface free energy will migrate to the surface of blend polymers. In this way, the
surface free energy of blend polymer systems could be minimized (25). While in this
experiment, as shown in Table 4-2, the surface free energy of the membranes casted by using
pure low molecular weight PVDF and high molecular PVDF are 37mJ/m? and 40mJ/m?
respectively. There surface free energy difference is very small, thus an assumption could be

made here that the migration shouldn’t be determined by the difference of surface free energy.

Another theory attributes the determination of migration to polymers’ molecular weight. It is

believed that the conformational entropy of a polymer chain at the film surface is smaller
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than that in the bulk (26, 27). The difference of conformational entropy is also the entropic
penalty of a chain at the surface. The entropic penalty decreases with the decrease in polymer
molecular weight. Thus polymers that have high molecular weight would have larger entropy
penalty. Consequently, polymers that have high molecular weight would be depleted on the
surface of blend polymeric structure and polymers that have low molecular weight would be
enriched in this area. Therefore, when there is no significant difference in surface energetic
properties between polymers, molecular weight could be the key factor that determines the
migration process (28). In this research, the migration theory could be one possibility for the
difference of membrane morphologies in membranes casted by using various mixing ratios.

And the difference in polymer molecular weight determines the migration.
4.43 VMD flux

The flux data for VMD are shown in Figure 4-14 for the membranes of different H:L mixing
ratios together with the error bars. From the figure 4-14 the highest flux (692 g/h m?) is
observed at the H:L mixing ratio of 4:6. This also seems natural since at this particular
mixing ratio the pore size is the largest, according to the gas permeation test. Furthermore,
the thickness of the sponge-like structure, which is the main source of the resistance against
the vapor flow, is the smallest according to the cross-sectional SEM image (Figure4-6). In
addition, the 4:6 membranes had a single-layer finger-like structure, which is likely to be
more favorable for vapor transportation in comparison to membranes with multi-layer finger-
like structure. The surface hydro-philicity/-phobicity has apparently no effect on the vapor
flux since the H:L mixing ratio showed no significant effect on the contact angle (79 £9° with
no trend observed when H:L ratio is changed). It is hence concluded that the VMD flux was
primarily affected by the morphology at the surface as well as in the bulk of the membrane

underneath the surface.
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It should be noted that in this research, only the effect of polymer mixing ratio on membrane
properties and performance is studies. In order to optimize polymeric membranes for better
VMD and other membrane distillation performances, future researches are worth doing-
including the study on membrane backing materials, polymer solution additives and casting

conditions, etc.
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Figure 4-14 VMD flux for membranes of different H:L ratios.

4.5 Conclusion

The results of this study indicate that the ratio of high (H) and low (L) molecular weights
PVDF (H:L) in the blend membrane has a significant effect on the morphology and VMD

performance of the membrane. The VMD flux showed a maximum at the H:L ratio of 4:6, at
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which the average flux reached 528 g/h-m?, suggesting that it is the most appropriate H:L
ratio for the VMD and the aforesaid VDC personal cooling garment application. SEM images
of the blend membranes revealed asymmetric structures with finger-like macro-voids and
sponge-like layer. The thickness of the sponge-like layer showed minimal at the H: L ratio of
4:6 and 6:4.The change in the layer thickness can be explained by the interplay of the
thermodynamic and kinetic effects on the phase inversion process, as evidenced by the cloud
point and viscosity measurement. The pore size measured by gas permeation test showed a
maximum at the H:L ratio of 4:6. This can be explained by the presence of both network and
aggregate pores. The porosity measured showed the highest values in the middle range of
H:L mixing ratios. The contact angle did not depend on the H: L ratio. The LEPw showed
minimum at the H:L ratio of 4:6 and 3:7(the results were 471.8 kPa and 422.5 kPa,
respectively) corresponding to the maximum in the pore size. The LEPw is dependent in this
case on the pore size of membrane since the hydrophobicity of membrane surface was not

affected by the H:L ratio.
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Chapter 5. Conclusion

In this study, it was found that the molecular weight can affect membrane properties and
performances through changing polymer solutions’ viscosities, thermodynamic instabilities,
kinetic hindrances and pore formation mechanisms. And the impact of polymer molecular
weight is complicated. The result shows that the formation of membrane porous structures
and pores can be determined by complicated interplays of the kinetic hindrance,
thermodynamic diffusion rate, polymer aggregates and polymer entanglements. More
specifically, as the viscosity increased dramatically from the Kynar®740 PVDF solution to
the Kynar®HSV 900 PVDF solution, while the thermodynamic instability showed a
remarkable rise as well. Consequently, from the Kynar®740 PVDF to the Kynar® MG 15
PVDF, the pore size rose from 41.5 to 49.8 and flux increased from 277 to 325 g/m*-h. Also,

the LEPw value showed a decrease from 731 to 622 kPa as well.

The results of this study also indicate that the mixing ratio of high (H, Kynar®HSV 900), and
low (L, Kynar®740) molecular weights PVDF (H:L) in the blend membrane has a significant
effect on membrane properties and performance. The VMD flux showed a maximum at the
H:L ratio of 4:6, at which the average flux reached 528 g/h-m? (much higher than pure PVDF
membrane), suggesting that it is the most appropriate H:L ratio for the VMD and the
aforesaid VDC personal cooling garment application. The change in the membrane
morphology is also significant, and it can be explained by the interplay of thermodynamic
and kinetic effects on phase inversion process, as evidenced by the cloud point and viscosity
measurements. The pore size measured by the gas permeation test showed a maximum at the

H:L ratio of 4:6. This can be explained by the presence of both network and aggregate pores.
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The interplay of the aforesaid effects is complicated but of great significance. Moreover, the
additives and other factors may bring huge impact to membrane properties and performances
as well. Thus future work needs to be done to cover a wider range of molecular weights,
viscosities and thermodynamic instability values. Also, the effect of backing materials,
additives and other factors should be studied together with molecular weight and blended
polymer studies to fabricate better membranes to fulfil various demands. Regretfully, due to
the restrain of the resources, it was impossible for us to precisely measure the molecular
weights of the PVDF polymers used in this study, thus for the sake of doing systematic
researches, it would be much appreciated and meaningful if these data could be measured in

future studies.
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