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ABSTRACT 

 

This thesis presents an original approach for the concentration of thermo-sensitive solutions: 

the Sweep Gas Membrane Distillation (SGMD) process. A new membrane contactor with 

metallic hollow fibers has been designed and allows the distillation process to be operational 

at low temperature. Heat is generated in the fibers by the Joule effect, rather than being 

supplied as latent heat in the liquid bulk. The localized generation of heat results in a 

reduction of temperature polarization phenomena. The stainless-steel hollow fiber 

membranes have been synthetized with appropriate structural properties and sufficient 

mechanical strength. The pore surface of the fibers has been made hydrophobic by the 

deposition of a thin layer of an elastomer and stearic acid. Moreover, a novel and green 

method is presented to fabricate alumina and stainless-steel hollow fibers. This method is 

based on ionic gelation of a biopolymer and completely avoids the use of harmful solvents. 

By a detailed experimental study of the SGMD the influence of different operational 

parameters on the process performance has been investigated. The improvements in the flux 

and the separation efficiency using Joule effect have been successfully demonstrated, even in 

the case of pervaporation.  

 

Key words: Metallic hollow fiber membrane, thermo-sensitive solutions, Joule effect, sweep 

gas membrane distillation, pervaporation. 
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RESUME 

 

Cette thèse présente une approche originale du procédé de distillation membranaire avec 

balayage gazeux  pour la concentration des solutions thermosensibles (SGMD). Pour ce faire, 

un nouveau contacteur membranaire avec des fibres creuses métalliques a été conçu afin 

réaliser le procédé de distillation à basse température. La chaleur nécessaire au procédé est 

produite au niveau des fibres par effet Joule, plutôt qu’à partir de chaleur latente de la phase 

aqueuse. La génération localisée de la chaleur a comme conséquence une réduction du 

phénomène de polarisation de la température.  Des fibres creuses en acier inoxydable ont été 

synthétisées avec les propriétés structurales appropriées et une bonne résistance mécanique. 

La surface des pores des fibres a été rendue hydrophobe par le dépôt d’une fine couche d’un 

élastomère. En outre, une nouvelle méthode « verte » été développée pour fabriquer des 

fibres creuses en alumine et acier inoxydable. Cette méthode est basée sur la gélification 

ionique des bio-polymères et ne n’utilise pas des solvants nocifs. L’étude expérimentale  

détaillée du SGMD a permis de déterminer  l'influence de différents paramètres opérationnels 

sur les performances du procédé. Il a été démontré que l’effet Joule permet d'améliorer le flux 

et l’efficacité de la séparation non seulement pour le SGMD mais aussi pour la pervaporation.   

 

Mots clés : Fibres creuses métalliques, solutions thermosensibles, effet Joule, distillation 

membranaire, pervaporation. 
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SAMENVATTING 

 

In dit proefschrift wordt een originele aanpak voor de concentratie van thermo - gevoelige 

oplossingen gepresenteerd: het Sweep Gas Membraan Destillatie (SGMD) proces. Hiervoor 

is een nieuwe membraanmodule ontworpen, met daarin metalen holle vezel membranen. 

Deze module maakt het mogelijk om het distillatie-proces bij lage temperatuur te opereren. 

Middels het Joule-effect wordt warmte gegenereerd in de vezels zelf. Dit voorkomt 

consumptie van de latente warmte in de bulk de vloeistof. De gelokaliseerde warmteproductie 

leidt tot een vermindering van temperatuurpolarisatie verschijnselen. De synthese van de 

metalen holle vezel membranen is geoptimaliseerd, zodanig dat vezels kunnen worden 

gefabriceerd met de gewenste structurele en mechanische eigenschappen. Het porie-

oppervlak van de vezels is hydrofoob gemaakt door middel van een chemische modificatie. 

Bovendien wordt er een nieuw en milieuvriendelijk proces gepresenteerd voor de fabricage 

van holle vezels van alumina en metalen. Deze methode is gebaseerd op ionische gelering 

van een biopolymeer en voorkomt volledig het gebruik van schadelijke oplosmiddelen. 

Middels een uitgebreide experimentele studie is de invloed van verschillende operationele 

parameters op de effectiviteit van het SGMD proces onderzocht. De positieve invloed van het 

Joule-effect op de flux en het scheidend vermogen met is met succes aangetoond, zelfs in het 

geval van pervaporatie. 

 

Steekwoorden : Metaal holle vezel membraan, Sweep Gas Membraan Destillatie, thermo-

gevoelige oplossingen, pervaporatie, Joule-effect. 
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General Introduction 

 
In the past few decades membrane-based separation processes have shown enormous progress 

and have proved their potential as promising separation technology. Membrane contactors 

which constitute the subject matter of this thesis are a special class of the broader field of 

membrane-based processes where the membrane allows the establishment of a stable interface 

between two immiscible fluid phases without dispersion. They are typically used as 

concentration or activity driven devices and then are not based on a separation by selectivity 

like the more classical applications of membrane processes. Membrane contacting processes 

are relatively new compared to other well established membrane separation processes like 

Reverse Osmosis (RO), Electro Dialysis (ED), Micro, Ultra and Nano – filtration. They are 

considered attractive because they facilitate mild operating conditions and are cost-effective. 

Membrane contactors are compact and modular. This promotes process intensification and 

industrial implementation of membranes.  

This thesis presents the development of a liquid-gas membrane contactor device where an 

aqueous solution is put into contact with a stream of dry air, by means of a hydrophobic 

macro-porous membrane, as shown in the figure below. 

 

Figure 1: Schematic representation of a hollow-fiber in a typical liquid-gas membrane 

contactor. 
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The membrane contactor process designed in this work concerns low temperature 

applications, like the concentration of thermally sensitive products such as proteins and 

enzymes. Since the aim is the concentration of an aqueous solution, by means of water 

evaporation through a hydrophobic membrane under temperature gradient, the process is 

referred as Sweep Gas Membrane Distillation (SGMD). 

This PhD thesis has been carried out in the framework of an Erasmus Mundus Doctorate in 

Membrane Engineering (EUDIME). It involves three partner universities which are part of the 

EUDIME consortium, namely University of Montpellier 2 (UM2), France; University of 

Twente (UT), Netherlands; and KU Leuven, Belgium. The thesis presents an innovative and 

multidisciplinary approach starting from the selection and the manufacturing of a new 

membrane material until the development of a membrane contactor using hydrophobic 

metallic hollow fiber.   The selection of membrane material and the fabrication of the hollow 

fiber membranes suitable for intended application were realized at UT. Subsequent 

hydrophobic treatment and characterization of membranes were implemented at KU Leuven. 

The characterizations were completed at UM2 where the design of the hollow fiber membrane 

module and the investigation of its performance for SGMD were achieved.  

A new type of hydrophobic metallic membrane is developed in this study. Classified under 

inorganic membranes, the metallic hollow fiber membranes exhibit superior chemical and 

thermal stabilities in comparison to polymeric ones. In addition, their metallic nature bestows 

thermal and electrical conduction properties and higher mechanical strength than ceramic 

membranes. By exploiting such special features of these membranes, this study aims to 

improve SGMD performance by diminishing temperature polarization effects. Electrically 

heating the membrane can help to supply energy required for phase transition and minimize 

temperature polarization. In applications involving thermally sensitive products from food 

industry and/or biotechnologies where heating the feed to have higher mass transfer rates is 

not an option; using metallic membranes can be a boon. In addition to SGMD, these metallic 

hollow fiber membranes were implemented in a pervaporation unit to study the effect of 

membrane heating on its performance. In order to better present the key issues and the 

obtained results, this thesis is divided into five chapters.  

 

Chapter I gives a concise description of the membrane distillation process emphasizing on 

SGMD. Besides it presents a review of literature concerning inorganic membranes and 

surface modification techniques used to make hydrophobic inorganic membranes, thus linking 

the state of art literature with the scope of the current thesis. 
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Chapter II gives details of methods used to fabricate and modify the membranes used in this 

study, the analytical techniques employed in the characterization of these membranes and 

various operating parameters used in the experiments. 

In chapter III, the results of experiments carried out to assess the membrane performance are 

elaborated. Structural properties of membranes after synthesis and following the hydrophobic 

modification, impact of various process parameters on pure water evaporation and 

concentration of a model sucrose solution are discussed in this section. SGMD and 

pervaporation performances of the membrane and their subsequent behavior resulting from 

electrical heating of the membranes are included in this chapter. 

In chapter IV, a novel, eco-friendly method to fabricate inorganic hollow fibers based on a 

biopolymer is described. The method is explained for metal and ceramic materials. 

Characterization of this new kind of membranes has been done to explain their pore size 

distribution and their potential in microfiltration.  

Finally, chapter V summarizes important inferences of the thesis and contemplates possible 

future perspectives 
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Introduction Générale 

 
Dans les dernières décennies, les procédés de séparation membranaires ont fait des très grands 

progrès et ont prouvé leur potentiel en tant que technologie prometteuse de séparation. Les 

contacteurs à membrane qui constituent le thème de cette thèse, appartiennent à une classe 

spéciale de procédés membranaires où la membrane permet l’établissement d’une interface 

stable entre deux fluides non-miscibles évitant la dispersion. Ils sont typiquement employés 

dans des procédés nécessitant des gradients de concentration ou d’activité. En effet, ils ne sont 

pas basés sur une séparation par la sélectivité comme dans les applications plus classiques  

des procédés membranaires. Les contacteurs membranaires sont utilisés dans des procédés 

relativement récents si on les compare aux autres procédés membranaires classiques comme 

l'osmose inverse (RO), l’électrodyalyse (ED), la microfiltration, l’ultrafiltration et la 

nanofiltration. L’intérêt des procédés membranaires de contact réside dans des conditions 

d’utilisation relativement douces et une bonne rentabilité. Ils sont par ailleurs compacts et 

modulaires. Ils facilitent l’intensification ainsi l’implémentation industrielle des membranes.   

 

Cette thèse présente le développement  d'un dispositif  de contacteur à membrane gaz-liquide 

où une solution aqueuse est mise en contact avec un flux d'air sec, les deux fluides sont 

séparés par  une membrane macroporeuse hydrophobe, comme il est montré dans la figure ci-

dessous.  

 

 

Figure 1: Représentation schématique d'une fibre creuse contenue dans un contacteur 

membranaire gaz-liquide. 
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Le procédé membranaire de contact conçu dans ce travail est prévu pour des applications à 

basse température comme la concentration des produits thermosensibles tels que les solutions 

biologiques (i.e. solution d’enzymes).  L’objectif étant la concentration d'un soluté, au moyen 

de l’évaporation de l'eau au travers une membrane hydrophobe sous un gradient de la 

température, ce procédé est appelé distillation membranaire avec balayage de gaz (Sweep Gas 

Membrane Distillation, SGMD).  

Ce travail doctoral a été réalisé dans le cadre d'un doctorat d'Erasmus Mundus en Ingénierie 

des Membranes (Erasmus Mundus Doctorate in Membrane Engineering, EUDIME), en 

cotutelle entre trois universités qui font partie du consortium d'EUDIME, à savoir l’Université 

de Montpellier 2 (UM2) en France ; l’Université de Twente (UT), au Pays bas ; et  

l’Université Catholique de Louvain (KU Leuven) en Belgique.   

La thèse  présente  une approche innovatrice et multidisciplinaire en partant du choix  et 

de la fabrication d'un nouveau matériau membranaire jusqu'au développement d'un 

contacteur membranaire en utilisant des fibres creuses métalliques et hydrophobes. La 

sélection du matériau membranaire et la fabrication des membranes sous forme de fibres 

creuses appropriées à l'application prévue ont été réalisés à UT. Le traitement hydrophobe et 

la caractérisation des membranes ont été accomplis à KU Leuven. Les caractérisations ont été 

complétées à l’UM2 où ont également été réalisées la conception du module à fibres creuses 

et l’application expérimentale dans le SGMD.   

Les intérêts des membranes développées ici sont multiples, Des par leur caractère inorganique 

elles  montrent une stabilité chimiques et thermiques supérieures aux fibres creuses en 

polymère. En outre, leur nature métallique accorde des propriétés de conduction thermique et 

électrique et une plus haute résistance mécanique que les membranes en céramique. Les 

propriétés de conduction devraient permettent d’améliorer le procédé de SGMD en diminuant  

des effets de polarisation de la température. En effet le chauffage des fibres par effet Joule 

permet d’amener  l'énergie nécessaire à la transition de phase au niveau du pore lui-même et 

ainsi réduit au minimum la polarisation de la température sans qu’il soit nécessaire de 

chauffer toute la solution.  Ce dernier point est important lorsque l’on souhaite améliorer les 

transferts de masse lors de la concentration de produits thermosensibles (classiques dans 

l’industrie alimentaire et/ou dans les biotechnologies) qu’il n’est pas possible de chauffer. Les 

potentialités  des fibres creuses métalliques développées ici ont été évaluées non seulement au 

travers de l’application SGMD mais aussi pour des opérations de pervaporation afin d’étudier 

l'effet du chauffage de la membrane sur la performance du procédé.  
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Cette thèse est divisée en chapitres qui seront décrits ci-dessous.  

 

Le chapitre I  donne une description concise des procédés de distillation membranaire mais 

faisant une mention spéciale au procédé de SGMD. Il est présenté ensuite un état de l’art sur 

les membranes inorganiques ainsi que sur les techniques de modification de surface 

employées pour rendre les membranes inorganiques hydrophobes, de ce fait  liant l'état de l'art 

avec l’objectif de cette thèse.  

Dans chapitre  II  sont donnés les détails des méthodes employées pour fabriquer et modifier 

les membranes utilisées dans cette étude, les techniques analytiques utilisées dans  la 

caractérisation de ces membranes et de divers paramètres opératoires utilisés dans les 

expériences.  

Le chapitre III,  concerne dans un premier lieu les résultats et discussions, relatifs aux 

propriétés structurales des membranes après la synthèse et après la modification hydrophobe. 

En deuxième lieu sont décrits l'impact de divers paramètres opératoires du procédé de SGMD 

sur l'évaporation de l'eau pure et sur la concentration d'une solution modèle de sucrose. Les 

performances de deux procédés : SGMD et pervaporation avec et sans application d’un 

courant électrique (i.e. chauffage des membranes) sont inclus en ce chapitre.  

Dans le chapitre IV, une nouvelle méthode « eco-friendly »  pour fabriquer les fibres creuses 

inorganiques basées sur un biopolymère est décrite. La méthode est décrite pour la fabrication 

des membrane métalliques et céramique. La caractérisation  de ce  nouveau type de 

membranes a été faite afin expliquer leur distribution de taille de pore et leur potentiel 

d’utilisation dans la microfiltration.   

En conclusion,  le chapitre V  récapitule les résultats les plus importants de la thèse et 

propose de futures perspectives à ce travail.  
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I.1 Membrane contactors 

 

Membrane contactor technology has been developed as an approach towards design, 

rationalization and optimization of industrial distillation or extraction processes [1].The 

possibility of integrating these novel membrane operations together with well-assessed 

traditional membrane units offer an attractive way to achieve important benefits in the logic 

of process intensification strategy. Membrane contactors are membrane systems that are 

employed to bring in contact two fluid phases. The membrane is generally macroporous and 

can be hydrophobic or hydrophilic based on the desired application [2]. Membane only acts 

as a physical barrier between the  phases and imparts no selectivity to the separation unlike 

most other membrane operations. Nevertheless, structural parameters of membranes, such as 

porosity and tortuosity play an important role in global mass transport [3]. 

 

I.1.1 Principle of operation 

 

The mechanism of contactor operation is based on phenomenon of capillary force. For 

example in a liquid-gas contactor, when one side of a hydrophobic macroporous membrane is 

brought into contact with water or an aqueous liquid the membrane is not wetted by the 

liquid, meaning liquid entry into membrane pores is prevented due to the surface tension 

effect.  The interface between a liquid and a porous media can be characterized by a ‘contact 

angle’. At a contact angle less than 90° the porous substrate is hydrophilic, indicating that 

aqueous solutions probably will wet the substrate. Whereas with contact angles greater than 

90° the porous substrate acts hydrophobic and is no more wetted by aqueous solutions but by 

organic solvents. Indeed, when a dry hydrophobic membrane is surrounded by water, the 

water does not enter the membrane pores until and unless the water pressure exceeds a 

critical breakthrough value, often named as intrusion pressure. This critical breakthrough 

pressure (∆Pc) can be mathematically represented by the Young–Laplace equation:  

(4 cos )
cP

d

 
 

 
(1) 

Where σ the surface tension, θ is the contact angle in degrees for the air-water-membrane 

system and d is the effective membrane pore diameter assuming cylindrical pores. 

Experimentally the ∆Pc is measured as the pressure difference between the liquid (Pw) and 

gas (Pg) phases as follows: 
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c w gP P P     (2) 

Apart from the contact angle, membrane pore size and surface tension of the liquid in contact 

with the membrane are the other important parameters which affect membrane wetting. To 

avoid membrane wetting the maximum pore size of the membrane should be small and the 

surface tension of the liquid should be high [2]. Because of the hydrophobic nature of the 

membrane, and the appropriate pore size distribution, an aqueous solution does not enter the 

pores and a gas-liquid interface is created at the pore entrance, which is maintained stable if 

the differential pressure between liquid and gas phases is insignificant. Under these 

conditions the membrane pores remain filled with the gas phase and the interface remains 

unaltered along the membrane at different flow rates of gas and liquid phases. Regulating the 

differential pressure of both phases between 0 to ∆Pc allows preventing the aqueous liquid 

penetration inside the pores. Same principle applies when the fluids on both sides of 

membrane are liquids wherein σ is the interfacial tension between two liquids of different 

nature: aqueous and organic. Two liquid phases can be brought in contact via a hydrophobic 

membrane, without dispersing the phases into each other, yet enabling exchange of solutes 

between these phases. 

 

I.1.2 Membrane contactors - types, benefits and applications 

 

Figure I.1 illustrates various categories of membrane contactors that have been used [1]. In 

the Gas-Liquid (G-L) contactors one phase is a gas or vapour and other is a liquid. This type 

of contactor can further be classified into a process whereas gas/vapour phase is transferred 

from a liquid phase into a gas phase (Figure I.1A) and a process where gas/vapour phase is 

transferred from a gas phase to a liquid phase (Figure I.1B) In case of Liquid-Liquid (L-L) 

contactors both phases are liquids either immiscible like organic solvent and water (Figure 

I.1C) or they both can be miscible liquids (Figure I.1D)  
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Figure I.1: Categories of membrane contactors. 

 

Membrane contactors offer several benefits over the conventional separation columns [2], 

such as liquid/gas absorber/strippers or liquid/liquid extractors, distillation columns etc. The 

most important is the high surface area per volume. Table I.1 compares the advantages and 

disadvantages of various types of membrane contactors classified according to the type of 

applications. 

 

Membrane Gas Aqueous solution Organic solution

A. Liquid-gas contactor B. Gas-liquid contactor 

C. Liquid-liquid contactor 

with immiscible liquids

D. Liquid-liquid contactor 

with miscible liquids
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Table I.1: Membrane contactor benefits and limitations 

Membrane contactor 

function/application 

[References] 

Benefits Limitations 

Membrane contactors 
(general) 

[3] 

High and constant specific interfacial area 

No moving parts (absence of corrosion) 

High modularity and compatibility, 
Straightforward scale-up,  

Additional resistance to mass transfer 

offered by the membrane 

Limited operating pressure (below the 

breakthrough value) 
Relatively low membrane lifetime high 

replacement costs 

Supported liquid membranes 

[2] 
Selective carrier transport Low stability & membrane lifetime 

Membrane absorbers  

or strippers [4] 

High overall mass transfer coefficients 

Elevated efficiency 
(in terms of height of a transfer unit) 

Absence of entrainment flooding, down 

flow flooding 

Mass transport often limited by 
membrane resistance 

Limited flow rates of the liquid phases 

Membrane distillation 

[5] 
 

 

Lower operating temperatures compared to 

conventional distillation columns 
Reduced influence of concentration 

polarization 

Theoretical 100% rejection to non-volatile 

solutes 

Temperature polarization phenomena 

Heat losses by conduction through the 
polymeric membrane 

Lower transmembrane fluxes 

compared  to pressure-driven 

membrane processes 

Osmotic distillation [6] Possibility to operate at room temperature 
Lower transmembrane fluxes with 

respect to pressure-driven membrane 

processes 

Membrane 

Crystallization [5] 
 

Narrow crystal size distributions 

Accelerated kinetics in macromolecular 

crystallization 
Orientation of the molecules induced by 

 laminar flow 

Concentration polarization and fouling 

phenomena 

Membrane  emulsifiers 

[7] 

Lower energy input with respect to 

conventional emulsifiers 

No foaming, reduced coalescence 
phenomena 

Low permeation rates and 

 reduced productivity 

 

Applications in mass 

transfer 

Catalysis 
[8] 

Improvement of productivity by in situ  

extraction of reaction products 

Aseptic operations 

Increased stability of the catalyst 
immobilized on the membrane surface 

Catalyst recovery easier 

Diffusional resistances across the 

membrane as limiting step 

 

 

Despite these few drawbacks, research on membrane contactors has progressed rapidly and 

they have found applications in various fields namely food, pharmaceutical, fermentation and 

chemical industries. Figure I.2 presents a graph showing the growth in the number of 

scientific publications on membrane contactors, emphasizing vast research done in various 

fields related to membrane contactors. 
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Figure I.2 : Number of papers published in last thirteen years on membrane contactors as per 

data from Scifinder ®. 

 

Membrane contactors have been applied to a large spectra of extraction/contacting processes, 

for example they have been integrated with reverse osmosis water production line in order to 

remove dissolved oxygen from water [9]. G-L MCs have been applied in CO2 removal 

(extraction) from natural gas [10] and from water [11]. Extraction of copper using various 

concentration of an extractant like trifluoro-acetylacetone [12] or the removal of arsenic from 

aqueous streams [13] has also been reported. Sciubba et al. employed L-L membrane 

contactor to extract flavoring compounds like vanillin from aqueous solutions of the 

compound into various extracting solvents such as ethyl and n-butyl acetate [14]. In a recent 

work, CO2 absorption experiments in ammonia have been performed by Makhloufi et al. [15] 

with porous polypropylene membranes and with two different dense-skin composite hollow 

fibers: Teflon AF2400 and commercial TPX. Although, macroporous membranes did not 

offer stable performances due to salt precipitation and pore blocking, the dense skin 

membranes showed stable and attractive performances. In other cases, the MCs have been 

used as bioreactor to carry out phenol degradation [16] with macroporous membranes 
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containing immobilized bacteria. Membrane distillation is the most commonly used L-L 

membrane contactor for various applications like desalination [17] , fruit juice concentration 

[18], water purification [19] etc. Membrane distillation (MD) is one of the important example 

of membrane contactor and it is the process we aim to study in this thesis.  

 

I.2 Membrane Distillation 

 

MD is an example of MCs where driving force is related to a temperature gradient across the 

membrane. Membrane distillation involves non-isothermal water transport in vapour phase 

across a porous hydrophobic membrane which that separates two aqueous solutions of non-

volatile components (like salts, polymers, enzymes) maintained at different temperatures 

[20]. As explained above, due to the liquid rejecting properties of the membrane material, the 

liquid phase is prevented from penetrating the pores, as long as the pressure of liquid does not 

exceed the minimum entry pressure of the porous partition. Liquid-vapour interfaces are 

formed on both sides of the membrane pores and, due to the temperature difference; a vapour 

pressure difference is created between sides of each pore. Evaporation takes place at the 

warm interface and vapour diffuses through the pores [21] and condensation takes place at 

the cold interface. In this way a water flux occurs through the membrane in the direction from 

warm to cold. The origin of water transport in this kind of process is a difference in water 

chemical potential created by a vapour pressure difference. Obviously, for membrane 

distillation to proceed it is essential the exclusion of liquid water from the pores. In this sense, 

the role of the membrane is somewhat peculiar, since it acts as a physical support for the 

liquid-vapour interfaces while avoiding the contamination of the distillate (pure cold water) 

by the solutes. The MD processes described above were the first developed processes of this 

type. Since this first membrane distillation configuration, other new variants of the process 

have been developed, where the stripping side involves other fluids or pressure conditions. 

These other MD configurations are presented in Figure I.3.  
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Figure I.3: Membrane distillation configurations.[22] 

 

Camacho et al. [22] described these configurations as follows. In direct contact MD (Figure 

I.3A), the cold distillate is in direct contact with the membrane downstream and vapour is 

transported through the membrane condenses directly in the stream of cold distillate. In the 

AGMD (Figure I.3B) system, permeated water vapour, after crossing the air gap in the 

module, is condensed over a cool surface inside the module. In a low-pressure MD or VMD 

(Figure I.3C) vacuum carries the water vapour out of the system and condensation occurs 

outside the module by cooling. In the last MD system (Figure I.3D), a sweeping dry gas is 

applied and permeate condensation occurs outside the module.  

Membrane distillation offers a number of advantages over other pressure driven processes 

such as reverse osmosis. Since the process is driven by temperature gradients, low-grade 

waste heat can be used and expensive high-pressure pumps can be avoided. Membrane fluxes 

are comparable to reverse osmosis fluxes, so membrane areas are not excessive. In their 

review Pangarkar et al. [23] have expressed that MD can be a better alternative to RO for 

ground water desalination. The possibility of utilizing alternative energy sources such as 

solar, wave or geothermal energy is an additional attractive feature of this technology. The 

potential applications of MD are production of high-purity water, concentration of ionic, 

colloid or other non-volatile aqueous solutions and removal of trace volatile organic 

compounds (VOCs) from waste water [24]. Plenty of research has been carried out on 

membrane distillation and Figure I.4 presents a graph representing the number of scientific 

publications produced in last thirteen years on different aspects of MD.  
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Figure I.4: Number of papers published in last thirteen years on membrane distillation as per 

data from Scifinder ®. 

 

However out of all the configurations of MD, SGMD seems to have gained some attention 

after the year 2007 with one publication reported according to search done using Scifinder®. 

Since then a few publications have been reported, the number being 3 in year 2013.  This 

indicated there is a lot of scope to explore new concepts in this configuration and hence in 

this PhD dissertation SGMD was chosen as the key subject for research. 

 

I.3 Sweep Gas Membrane Distillation 

 

SGMD is the focus of the present study and in the following section, the state of art of this 

technology in terms of membrane development, characterization and diverse applications will 

be discussed. As reported by Khayet et al SGMD [25] process is rarely studied compared to 

other MD configurations perhaps due to small volume of permeate vapors generated and need 

of external condensers, complicating in this way the system design and increasing its cost. 

However, lower internal heat losses by conduction compared to DCMD and higher permeate 

fluxes than in AGMD, resulting from non-stationary sweeping gas, make SGMD a 
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technology with promising future perspectives. The research activities reported in the field of 

SGMD are summarized in Table I.2. SGMD involves evaporation of water from the hot feed 

and transportation of the vapour molecules through the dry pores of the hydrophobic 

membrane. This transport is driven by the vapour pressure difference across feed and 

permeate sides of the membrane. Subsequently the permeated molecules are carried by an 

inert cold sweeping gas and finally collected outside the membrane module.  

 

Table I.2: Overview of reported research works on SGMD 
 

Scope 

 
Membrane Year of 

publication 

Reference 

Geometry Material Supplier 

Desalination by SGMD Flat 

Tubular 

 

PTFE and PP 

PP 

 

 

# 

 

1987 

 

[26] 

Air sweep pervaporation Hollow fiber  

# 

Celanese 

Plastics Co 

 

1993 

 

[27] 

Theoretical understanding of 
temperature polarization 

Flat 
 

PTFE over  
PP  

Filtron 
MinisetteTM 

 
 

2000 

 
 

[28] 

Evaluation  of overall 

temperature polarization 

coefficient for SGMD 

Flat 

 

PTFE over PP Filtron 

MinisetteTM 

 

 

2000 

 

 

[29] 

Isopropanol-water separation Hollow fiber PTFE Poreflon  
2001 

 
[30] 

Mathematical model for 

separation volatile 

components by TSGMD 

 

# 

 

# 

 

# 

 

2002 

 

[31] 

Experimental validation of 

mathematical model for 
water -formic acid separation 

by TSGMD 

Flat sheet PTFE over PP TF200 

Gelman Co. 

 

2002 

 

[32] 

 

#   No information provided  
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Table I.2: Overview of reported research works on SGMD continued 

Scope 
 

Membrane Year of 

publication 
Reference 

Geometry Material Supplier 

Study of thermal boundary 
layers : modelling and 

experimentation 

Flat sheet PTFE over PP TF200 
Gelman Co. 

 
2002 

 
[33] 

Distillation of pure water and 

sodium chloride solution  

Capillary Polypropylene Mycrodyn  

2003 

 

[34] 

Removal of volatile organic 

components from waste water 

Flat sheet PTFE over PP TF200 

Gelman Co. 

 

2005 

 

[35] 

Aqueous solution concentration 
by extraction with gas 

Tubular Ceramic  
# 

 2006 [36] 

Water evaporation by 

membrane heating with infrared 

lamp 

Flat-sheet Stainless-steel Modified 

commercial 

Pall corporation 

 

2007 

 

[37] 

Ammonia extraction from 

waste water 

Flat-sheet PTFE Advantec MFS 

Inc 

 

2009 

 

[38] 

Numerical and experimental 
study of SGMD process 

Flat sheet PTFE over PP TF200 
Gelman Co. 

 
2010 

 
[39] 

Design of SGMD principle 

combined with micro-fluidic 

channels for methanol – water 

separation 

Flat-sheet PES 

PVDF 

PTFE 

Pall (USA) 

Millipore (USA) 

Gore (USA) 

 

2010 

 

 

[40] 

Modeling heat and mass 
transfer during concentration of 

aqueous solution 

Flat-sheet Stainless-steel Modified 
commercial: 

Pall corporation 

 
2010 

 
 

[41] 

Electrical heating of membrane 

for  water evaporation from an 

aqueous solution 

Flat-sheet Stainless-steel Modified 

commercial: 

Pall corporation 

 

2010 

 

 

[42] 

Response surface method to 
model process of sucrose   

concentration 

Flat sheet PTFE over PP TF450 
Gelman Co. 

 
2011 

 
[43] 

Comparing  SGMD and VMD 

for recovery of aroma 

compounds  

Flat-sheet PTFE Osmonics (USA)  

2011 

 

[44] 

Ethanol-water separation Flat-sheet PTFE Millipore 2013 [45] 

Removal of water from 
glycerol-water mixtures 

Flat-sheet PTFE Millipore 2014 [46] 

Study of mass transfer and 

condensation phenomena 
Flat-sheet PTFE over PP Dagong Co. Ltd., 

China) 

 

2014 
 

[47] 
 

#   No information provided  
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I.3.1 Mass and heat transfer in SGMD 

 

Many authors have experimentally and theoretically studied SGMD with different types of 

membranes [28,33,34]. Similar membrane processes like osmotic evaporation [48,49], 

membrane extraction [50] or evaporation [37] have been studied with macroporous and 

hydrophobic membranes at Institute of European Membranes (IEM). In these previous works 

mass and heat transfer models have been built taking in consideration the operating 

parameters and the structural characteristics of membranes. In some cases, a good knowledge 

of these structural characteristics is difficult to be determined experimentally and only the 

coupling of experiments and modeling enabled such estimation. In a more recent work 

Mourgues et al. [41] and Hengl et al. [42] have analyzed and modeled the heat and mass 

transfers in SGMD process.  

 

A schematic representation of mass flow and heat flow in SGMD is given in Figure I.5. Mass 

transfer in sweep gas membrane distillation consists of three consecutive steps: (a) 

evaporation of water at the liquid/gas interface on the membrane surface of the feed side, (b) 

water vapour transfer through the membrane pores, and (c) stripping of water vapour at the 

gas/liquid interface on the membrane surface of the permeate side. The driving force for mass 

transfer in MD systems is the difference in the partial pressure of water vapour across 

macroporous hydrophobic membranes [47]. Thus the pure water evaporation flux (Jw) can be 

expressed as     

.w m vJ k P     (3) 

where ΔPv  is the water vapour pressure difference across the membrane and km is the mass 

transfer co-efficient. The water evaporation flux can also be expressed as  

1 2( )w m vm vmJ k P P 
   (4) 

Pvm1 and Pvm2 are vapour pressures of water evaluated at the membrane surface temperatures 

on the feed (Tfm) and permeate side (Tpm) respectively.  
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Figure I.5: Schematic representation of the mass and heat transfer in a SGMD process 

operated in counter-current configuration.(Adapted from reference[51]) 

 

Pvm1can be defined as the product of water activity at the membrane on feed side (awm1) and 

pure water vapour partial pressure at the membrane on the feed side (
0

1wmp ) 

0
1 1 1vm wm wmP a .p

     
(5)   

The vapour partial pressure of pure water (
0

wp ) is a function of its temperature (Tw), and it can 

be estimated by the Antoine equation [41] : 

0 3816.44
exp 23.1964

46.13
w

w

p
T

 
  

 
    

(6) 

The vapour partial pressure of the sweeping gas is associated with the gas humidity ratio. 

Humidity ratio ω specific (humidity) can be defined as the ratio of the mass of water vapour 

(mw) to the mass of dry gas (md): 

.

. (1 )

w w w w w

d d d d w

m M x M x

m M x M x
   

  

(7) 

where Mw, Md, xw and xd are molar mass of water vapour, molar mass of dry gas, mole 

fraction of water vapour and mole fraction of the dry  gas respectively. 

(Jw) 
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Zhao et al. [47] stated that water partial vapour, dry gas and their mixture obeyed ideal gas 

law and based on this assumption the authors defined partial pressures of water (pw) and dry 

gas as (pd) follows: 

. . .w wp V n R T  (8) 

. . .d dp V n R T  (9) 

 And hence combining equations 7 and 8 we can write  

( ). ( ).w d w dp p V n n RT     (10) 

Therefore, mole fraction of water can thus be obtained using following equation 

( ) ( )

w w w

w

w d w d

n p p
x

n n p p P
  

   

(11) 

Where P is the total pressure of the gas mixture and nw and nd are the number of moles of the 

wet and dry gases respectively. 

  

To summarize, the vapour partial pressure, humidity ratio and permeate flux are related to the 

temperature along the membrane surface. The partial pressures on feed and permeate side can 

be obtained using the Antoine equation. Further, using the partial pressures we are able to 

calculate the mole fraction of water vapour. In an SGMD experiment, we can calculate the 

water vapour mole fraction in dry sweep gas entering the membrane module and of the humid 

air leaving the module using above mentioned equations (8-11). The mass balance on mole 

fraction of water vapour in the air entering and leaving the membrane module can help us to 

estimate the amount of water evaporated through the membrane.  

 

Mass transfer through a hydrophobic porous membrane has been explained by various 

mechanisms: namely the Knudsen diffusion model, viscous (Poiseuille) flow model, ordinary 

molecular (Fick’s) diffusion model, and/or the combination there of. Since membranes used 

here have a macroporous structure we consider that the molecular diffusion is probably the 

main mechanism for mass transfer. In such cases where, the ordinary molecular diffusion 

through the air molecules trapped within the membrane pores is dominant, the mass transfer 

coefficient through the membrane km can be defined by membrane structural parameters such 

as porosity(ε) tortuosity(τ) and thickness (δ) [52] .Mourgues et al. [41] evaluated mass 

transfer coefficient using the expression  

0

,

ln( )

T w air w

m

air

P  D M
k   

RT  p



 

  
            

(12) 
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where PT and (pair)ln are the total pressure and logarithmic mean of the air partial pressure, T 

is the temperature, R is the gas constant , Mw molecular weight of water and D0
w,air the 

molecular diffusion coefficient of water vapour in air. Thus, km can be estimated based on 

membrane properties and by measuring operational parameters. 

  

In MD processes, mass transfer takes place simultaneously with heat transfer originated by 

phase changes occurring in both or one of the membrane sides. The heat transfer in 

membrane distillation takes place in three steps: first  from the bulk feed side to the 

membrane surface, second through the membrane and third heat transfer from the membrane 

surface to the bulk of the permeate. These steps are depicted in Figure I.6, which shows the 

typical temperature profiles in a membrane distillation process where the water temperature 

(Tw) is above the air temperature (Tair).  

 

 

 

 

 
 

 

 

 

 

 

Figure I.6: Schematic diagram of temperature profiles 

 

and temperature polarization in MD considered for a counter-current configuration 

(Tw>>Tair).(Adapted from reference [41]) 

 

Heat transfer from the feed solution to the membrane surface across the boundary layer in the 

feed side of the membrane module imposes a resistance to mass transfer. Indeed the 

temperature at the membrane surface is lower than the corresponding value at the bulk phase. 

This negatively affects the driving force for mass transfer reducing the evaporation flux 

across the membrane. This phenomenon is called temperature polarization [53]. The 
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temperature polarization coefficient (TPC) is define as the ratio of the transmembrane 

temperature to the bulk temperature difference given by equation 13 

wm am

w a

T T
TPC

T T




                                          
(13) 

where Twm, Tam, Tb and Ta are membrane surface temperatures and bulk temperatures at the 

feed (water) and permeate (air) sides, respectively. Temperature polarization becomes more 

significant at higher feed temperatures especially in case of DCMD configurations. 

Equation 13 describes the heat transfer through the feed side boundary layer   

( )f f w wmQ h T T                                          (14) 

hf is the heat transfer coefficient of the feed side boundary layer 

Heat transfer through the membrane is a combination of heat transfer by vaporization (Qv) 

and conductive heat transfer across both the membrane matrix and the gas filled membrane 

pores (Qc )[54,55] and can be expressed as: 

m v cQ Q Q                                                                          (15) 

. ( )
m

m w v wm amQ J H T T



   

                                      
(16) 

where λm is the thermal conductivity of the membrane, δ is the membrane thickness, Jw is the 

permeate water vapour flux and ΔHv is the latent heat of vaporization. λm can be calculated 

[37] by widely accepted isostrain model as below 

(1 )m g p                                        (17) 

where λg and λpare the thermal conductivities of air and membrane material respectively,  

Temperature polarization phenomenon also affects the heat transfer from the membrane 

surface to the bulk permeate side across the boundary layer. Hence temperature of membrane 

surface at the permeate side is higher than that of bulk permeate. Heat transfer through the 

permeate side [56] boundary layer is given as:  

( )p p am aQ h T T                                    (18) 

where hp is the heat transfer coefficient of the permeate side boundary layer. Under steady-

state conditions, 

f m pQ Q Q                            (19) 

Thus, by combining equations 14, 16 and 18 we obtain  

( ) . ( ) ( )
m

f w wm w v wm am p am ah T T J H T T h T T



      

          
(20) 
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Thus, by knowing the bulk and membrane temperatures on the feed and permeate side and 

the heat transfer coefficients, one can evaluate the temperature polarization coefficient from 

equation 20 in a MD process. 

 

I.3.2 Operating parameters affecting MD process 

 

Certain process parameters which have significant influence on the evaporation flux in 

membrane distillation process are discussed in the section below. 

 

I.3.2.a Feed temperature 

General opinion of many investigators is that increase in feed temperature enhances MD flux. 

The increase in temperature increases the vapour pressure of the feed solution, thus an 

increase in the transmembrane vapour pressure difference which is the driving force for the 

process. Although, increasing the feed temperature is most often used approach to improve 

the flux, it’s worth mentioning that temperature polarization effect increases with the feed 

temperature [55,57].Temperature polarization parameter and heat transfers during the process 

which are related with membrane material are fundamental for the well-functioning of MD 

and more specifically for DCMD. In fact during this process membrane isolates a hot and a 

cold aqueous fluids and then porous polymer membranes are well adapted because they are 

good heat isolation materials. In the case of SGMD the problem is completely different 

because the vapour which crosses the membrane is rapidly taken away by the flow of dry air.  

In such case and as far as the thermal conductivity of air is relatively low when compared to 

water it is no more necessary to have a good isolation material for the membrane 

manufacturing. On the contrary we can use good thermal conducting materials like metals in 

order to try to compensate the thermal polarization effects underlined above in the previous 

section.   

 

I.3.2.b Feed concentration 

Permeate flux is reported to decrease with an increase of solute concentration in an aqueous 

feed solution [58]. This phenomenon is attributed to the reduction of the driving force due to 

decrease of the vapour pressure of the feed solution and exponential increase of viscosity of 

the feed with increasing concentration. But in comparison to the temperature polarization 

effects, the contribution of concentration polarization is considered to be less important.  
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I.3.2.c Feed flow rate 

The shearing forces generated at high flow rate and/or stirring reduce the hydrodynamic 

boundary layer thickness and thus reduce polarization effects [30]. Winter et al. [59] inferred 

that, with increased flow rate the temperature and concentration of the liquid-vapour interface 

gets closer to that in the bulk, thus increasing the permeate flux. 

 

I.3.2.d Pressure 

The transmembrane pressure has a significant influence on the evaporation flux. Brodard et 

al. [60] reported that, increasing the pressure on the feed side, led to important water vapour 

flow enhancement. It was stated that, the pressure enhancement on feed side could have 

resulted in a deeper penetration of the liquid within the membrane pores thus reducing the 

thickness of the gaseous pathway in the porosity thereby improving the mass transfer. 

However, with charged solutions (salt solutions) there is a risk of precipitation of solutes 

inside the porosity of the membrane resulting in porosity plugging and an eventual decrease 

in global mass transfer. Hence careful control of membrane operation is essential. 

 

I.3.2.e Fluid flow configuration (counter current or co-current flow) 

The fluid flow modes /configurations and their effects on the permeate flux in DCMD 

process has been reported by Manawi et al. [61]. Higher fluxes were obtained in counter-

current mode compared to co-current. The explanation for such result was based upon the 

gradient for mass transfer which in this case was temperature difference between the liquids 

on the both sides of the membrane.  In co-current mode, the temperature gradient was high in 

the beginning, but as the process continued the temperatures of both the liquids came closer 

along the flow, causing a reduced temperature gradient and the flux declined. In case of 

counter current mode of operation, both the liquids entered from the opposite sides of the 

membrane module. This caused an intermediate temperature gradient which remained 

constant throughout the flow resulting in higher permeate fluxes. Similar observations were 

reported by Song et al. [62]. 
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I.4 Membranes and synthesis techniques 

 

Selection of the membrane material and the geometry are crucial factors in a process design. 

As mentioned earlier, the membrane used for MD process must be hydrophobic and 

macroporous. A large variety of membranes including both polymeric and inorganic 

membranes of hydrophobic nature can be used in MD process. Because of possibility to 

modulate their intrinsic properties such as thermal, mechanical and chemical stability, 

selectivity and permeability etc. polymeric membranes have attracted much more interest and 

a lot of researchers have concentrated on use of polymeric membranes in MC and MD 

applications. Polytetrafluoroethylene (PTFE) [63], polypropylene (PP) [64] and 

polyvinylidenefluoride (PVDF) [65,66] are the most commonly used polymeric membranes 

due to their low surface tension values. In addition polymer membranes can be manufactured 

in the form of hollow fibers which is the configuration allowing the highest compaction 

because it presents the highest surface/volume ratio [2] permitting to have a very large 

evaporation surface in a small volume. Nevertheless, recently a lot of interest has been 

diverted towards inorganic membranes because of their excellent chemical and thermal 

stabilities that enable their application under harsh conditions and allows rigorous cleaning. 

Recently, ceramic membranes made of materials such as alumina, titanium, zeolites have 

been developed for MD or similar MC applications after modifying the surface properties of 

these hydrophilic materials by various hydrophobic compounds [67,68]. Some examples of 

such studies will be discussed in further sections of this manuscript. It is worth noting that 

ceramic materials are generally brittle and hence metals that possess higher mechanical 

strength are an interesting choice over ceramic materials. Additionally, metals possess 

distinct properties such as thermal and electrical conductivities. As it has been explained 

above, the hollow fiber configuration provides a very large area/volume ratio enabling the 

reduction of membrane system volumes, increasing the surface of exchange and hence the 

manufacturing and process costs. Thus the combination of metallic material and hollow fiber 

geometry offers an interesting prospect for future MD development.   

 

In a first interesting study of this kind of membranes, porous stainless steel hollow fibers 

prepared via combined dry wet spinning and sintering process have been reported by Luiten 

et al. [69] in 2011. The fibers were fabricated using a mixture of stainless-steel particles (size 

=4.17µm) with polyethersulfone (PES) as polymer, N-methylpyrrolidone (NMP) as solvent, 

polyvinylpyrrolidone (PVP) as viscosity enhancer and de-ionized water as non-solvent.  The 



Chapter I. Literature review 

28 
 

spinning mixture was pressurized through a spinneret into a coagulation bath to form hollow 

fiber precursors. During phase separation the inorganic particles were entrapped in the 

solidified polymer rich phase. After the dry-wet spinning the fibers were given a thermal 

treatment to remove the polymer and to sinter the inorganic particles together. These fibers 

possess mechanical strength of 750-1150 MPa and an average pore size of 1-3 µm. The 

authors also conducted investigation to prove that extraordinarily small radial dimensions can 

be achieved by controlled shrinkage of the green (non-sintered) stainless-steel fibers [70] at 

temperatures above the glass transition temperature. They proposed that viscous deformation 

of green fibers allowed reduction in macrovoid volume caused a noticeable decrease in final 

fiber diameter.  

 

Lee et al. [71] reported the synthesis of nickel hollow fibers using commercially procured 

nickel particles of two different particle diameters. The larger particles (8-15 µm) were used 

dispersed in a solution of polysulfone and NMP; whereas smaller particles (0.5-1 µm) were 

coated over the nascent hollow fibers. For the phase inversion process, they employed 

deionized water as bore fluid and tap water as coagulant bath. The sintering of fibers was 

done at 1100-1300 °C to remove polysulfone and post coating sintering of the nickel hollow 

fiber support was done at 600-800 °C. Hollow fibers supports of outer diameter 2.24mm, 

thickness 0.68 mm and average pore diameter 3.99 µm were synthesized. These membranes 

have been recommended for application in micro and ultra-filtration experiments. 

 

Meng et al. [72] have developed a room temperature extrusion technology for making nickel 

(Ni) hollow fiber membranes. When sintered at temperatures ranging from 600 to 900 °C, the 

prepared Ni hollow fibers were porous whereas they were gas tight when the sintering was 

carried out at 950 °C. SEM and permeation measurements of porous fibers indicated micron-

sized pores. Indeed, these porous hollow fibers were of interest as porous supports for 

asymmetric composite membrane formation. 

 

A new method for producing porous stainless steel hollow fiber membranes using phase 

inversion robotic fiber deposition has been reported by Michielsen et al. [73].The stainless-

steel particles of size 15.3 µm were used in this study. These hollow fibers had outer 

diameters between 1 and 4 mm and wall thicknesses of 200 to 700 mm. The bending strength 

of the fibers was in the range of 47 MPa at sintering temperature of 1000 °C to 333 MPa at 

1300 °C.  The membranes had a pore size ranging from 2-7µm. Because of their high 
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mechanical strength they have been suggested as ideal supports structures for gas permeation 

membranes. However the mechanical strength reported in this study are lower compared to 

ones reported by other studies [69]. The reason could be larger size of the stainless-steel 

particles used in the present study. 

 

I.5 Improvement of hydrophobic properties of the membranes 

 

Hydrophobicity is a key parameter in design of a successful membrane for a membrane 

contactor and / or distillation experiments. Maintaining dry pores throughout the operation is 

basic necessity for a successful membrane distillation process. This explains the reason why 

hydrophobic polymers are most often the choice when it comes to design of membrane 

materials. However, pore wetting by vapour condensation and liquid penetration may happen 

during continuous membrane distillation operation even with membranes made of very well-

known hydrophobic polymers like PVDF and PTFE [74]. Furthermore, when inorganic 

materials are employed in MD, they need to be surface modified because they are innately 

hydrophilic. In this context, many approaches have been adapted by various researchers in 

membrane fraternity. Generally speaking, there are two approaches to enhance the 

hydrophobicity of membranes: one is the construction of rough structures on the membrane 

surface, and the other is surface-modification to lower its surface energy. A great deal of 

work reported in the literature focuses on surface modification of the membrane by methods 

like coating with hydrophobic polymer, treatment with different types of silane compounds, 

plasma treatments etc. While doing so, most important factor to be considered is not to alter 

the porous characteristics of the native membrane. In case of polymeric membranes different 

approaches such as polymer blending, incorporation of inorganic additives in casting 

solutions, composite hydrophobic/hydrophilic layered membrane synthesis etc. have been 

employed to improve the hydrophobic properties [25]. This section discusses diverse such 

attempts made focusing on modification of inorganic substrates mainly for MD applications.  

 

Gao and coworkers [75] employed self-assembled monolayer of hexadecyltrimethoxysilane 

(HDTMS) on ZrO2 membranes with a mean pore size of 0.2 µm. The contact angle changed 

from 17 to 134° and successful grafting of the silane on membrane was confirmed by Fourier 

transform infrared spectroscopy (FTIR) analysis. The authors reported that surface 

modification had little influence on the membrane morphology and pore structure.  
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Cerneauxet al. [76] investigated modification and application of zirconia and titania ceramic 

membranes in three configurations of MD namely DCMD, VMD and AGMD. Tubular 

zirconia and titania ceramic membranes with pore diameters of 50 nm and 5 nm, were 

imparted hydrophobic property by grafting them with ethanolic solution of triethoxy-1H, 1H, 

2H, 2H-perfluorodecylsilane resulting in water contact angles around 160°. MD experiments 

were carried out with 0.5 and 1M NaCl solutions and membrane performances for all three 

MD configurations were compared. It was inferred that the easiest technique to be used 

would be the AGMD system, and the highest reliable value of flux achieved while 

performing AGMD was 113 L m-2day-1 at feed temperature of 95°C.  

 

At this stage, it is important to mention some research activities carried out for modification 

of metallic surfaces. Several methods have been adapted to impart hydrophobicity to metallic 

substrates Immersion in stearic acid solution (CH3(CH2)16COOH) [77], perfluorinated 

octyltrichlorosilane treatment to a stainless-steel surface [78], fluoropolymer deposition by 

inductively coupled radio frequency plasma technique [79], treatment with fluoroalkylsilane 

(FAS) dissolved in silver nitrate solution for electroless deposition of Ag (silver) structures 

[80], and immersion of metallic  substrates in a solution containing low-surface-energy 

molecules such as 1H, 1H, 2H, 2H – perfluorooctyltrichlorosilane [81] are some of the 

recently used methods. In a study involving validation of commercial stainless steel 

membranes for membrane evaporation in sweep gas mode, an account of usage of surface 

modifying agents has been reported [37]. Flat stainless steel membrane surface was modified 

by the deposition of very thin films of silicone compound in presence of a cross-linking agent 

3,5-dimethylhex-1-yne-3-ol. The analysis of the membrane morphology has successfully 

proved that the values of porosity and mean pore size were almost similar before and after 

silicone treatment for both membranes. In addition, the membrane thicknesses remained 

unchanged after the silicone thin layer deposition indicating that, surface treatment with a 

very thin silicone layer had not modified the characteristics of the membranes, but had only 

imparted the necessary hydrophobic properties. 
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I.6 Membranes in SGMD: desired properties and characterization techniques 

 

Membrane being the core of the process should possess certain properties to have a 

successful SGMD application. The basic requisite is that membrane must be porous and 

hydrophobic. Intrusion pressure of water, thickness, nominal pore size and porosity of 

membrane, have been reported as critical properties affecting the separation [53]. 

 

I.6.1 Intrusion pressure  

As described above in section I.1.1, it is defined as the minimum transmembrane pressure 

that is required for distilled water or other feed solutions to enter into the pore, by 

overcoming the hydrophobic forces. The relation between the membrane’s largest allowable 

pore size and operating conditions is given by the Laplace (Cantor) equation (equation 1). 

Ideally intrusion pressure value should be high and in general this is achieved by using 

materials of low surface energy or high hydrophobicity and small maximum pore size. For 

example intrusion pressure values of a commercial PTFE membrane supported on PP were 

reported to be 282 kPa [82]. Surface tension of the feed solution in contact with the 

membrane also has an effect on the intrusion pressure. Gostoli et al. [83] reported that 

intrusion pressure linearly decreased with increasing concentrations of ethanol in the feed 

solution, highlighting the effect of feed concentration on the change in membrane properties 

resulting in decline in membrane performance.  

An experimental set-up developed for intrusion pressure measurement of hollow fiber 

membranes, developed by Khayet et al. [84] is presented in the Figure I.7 as an example. 

 

 

Figure I.7: Schematic of experimental set up for intrusion pressure.[84] 
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The lumen side of hollow fiber was connected to a container with distilled water and shell 

side to the flow meter. Water was gradually pressurized with N2 into the fiber lumen. The 

researchers considered intrusion pressure value as the pressure at which continuous flow of 

water was observed. 

 

I.6.2 Membrane thickness 

The rate of mass and heat transport through the membrane is inversely proportional to the 

membrane thickness. As membrane becomes thicker, the mass transfer resistance increases 

thus reducing permeate flux. However, making a too thin membrane results generally in a 

membrane with defects, in addition in the case of DCMD heat loses are also favored. 

However in the case of SGMD it is interesting to optimize the membrane thickness as thin as 

possible while having a minimum of defects (cracks, too big pores). Thus, tailoring the 

membrane thickness during membrane synthesis becomes an important task to have optimum 

heat and mass transfer across the membrane. In their studies with the aid of a computer 

simulation programme on DCMD Lagana et al. [85] developed a model that described the 

optimum thickness for a DCMD membrane lies between 30–60 μm. Analytical technique like 

Scanning Electron Microscopy (SEM) is generally used to measure the membrane thickness. 

Using SEM analysis one can view the top surface and the cross-section of the membrane to 

estimate the thickness. Membrane thickness can be measured with a mechanical thickness 

gauge but these measurements can be perturbed by the softness of polymers. In such cases the 

direct observation of the membrane cross section Scanning Electron Microscopy (SEM) is 

much more appropriate and has been extensively used.  

 

Figure I.8: Principle of Scanning Electron Microscopy.[86] 
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As seen in Figure I.8, In SEM analysis a narrow beam of electrons with high energy hits the 

atoms on the surface of the sample. This results in liberation of low energy electrons from the 

sample, which determines the micrograph image giving useful information about sample 

morphology, surface quality, pore size etc. Atomic Force Microscopy (AFM) technique has 

also been used to determine the surface roughness, and the general aspect of the membrane 

surface. Khayet et al. [87] employed tapping mode atomic force microscopy (TM-AFM), for 

investigation of surface PDVF flat sheet membrane to obtain mean pore size, pore size 

distribution, nodule size, pore density, surface porosity and roughness parameters.  

 

I.6.3 Mean pore size, Porosity and tortuosity 

The membranes for MD applications are in the macroporous range, the pore size of a typical 

membrane may range from several nanometers to few micrometers and the pore size 

distribution is expected to be as narrow as possible. Membranes with pore size between 100 

nm to 1 μm have been used in MD studies [88].  

 

Membrane porosity refers to the void volume fraction of the membrane that is, the volume of 

the pores divided by the total volume of the membrane. Higher porosity membranes have a 

larger evaporation surface area resulting in higher permeate flux and lower conductive heat 

loss. From Smolder–Franken equation porosity can be defined as   

1
m

pol





                                    (21) 

where ρm and ρpol are the densities of membrane and polymer material respectively. In general 

membrane porosity in the MD system varies from 30 to 85% [88].  

 

Mercury intrusion porometry is the most commonly used technique to determine the porosity 

of macroporous membranes. This method is based on the laws of capillarity, more precisely 

on the mercury’s non-wettability property.  
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Figure I.9: Working principle of mercury porometry.[89] 

 

As the contact angle of mercury with most solids is greater than 90°, it becomes necessary to 

apply a pressure to introduce it into the pores (Figure I.9). A certain amount of mercury is 

forced through the pores of a membrane at increasing pressures and the required pressure 

corresponds to a certain pore diameter. The relation between the applied pressure and the 

smallest filled pore can be defined by Washburn equation, 

2. .cos

p

P
r

 
  (22) 

where σ is the surface tension of mercury, θ wetting angle of mercury , P is the applied 

pressure and rp is the sample pore radius. 

The total amount of mercury that disappears in the membrane allows evaluating the total 

volume of pores. However, mercury porosimetry has certain limitations. Firstly, it measures 

the largest entrance towards the pore and not the actual the actual pore size [90]. Secondly, it 

cannot measure closed pores. 

 

Membrane tortuosity is the average length of the pores compared to the membrane thickness. 

Lower the tortuosity, higher will be the membrane permeability and thus smaller values of 

membrane tortuosity are desired. Macki–Meares [91] and Srisurichan et al. [92] considered 
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the correlation between porosity and tortuosity for a highly porous (70% porosity) MD 

membrane with sponge-like microstructure as follows:  

2(2 )





   (23) 

 

Gas permeability 

Permeability measurements, with simple gas permeation tests have also been used to obtain 

information on membrane pore size, distribution and tortuosity. Barkallah et al. [93]  

employed such method, wherein gas permeation was measured at different operating 

pressures in a Wicke-Kallenbach cell working on sweep gas conditions. Retentate and 

permeate sides pressures were continuously monitored by the help of very sensitive pressure 

transducers at very low transmembrane pressures (ranged between 0 Pa and 9000 Pa) in order 

to determine the contribution of different mass transport mechanisms: slip flow, diffusion, 

and convection [93]. 

 

I.6.4. Thermal conductivity 

As it has been explained above in DCMD the thermal conductivity of the membrane material 

should be as low as possible to minimize heat loss. The thermal conductivity of commercial 

membranes lies between 0.04 Wm-1K-1 and 0.06 Wm-1K-1and that of commonly used 

polymers like PVDF, PTFE and PP at 23 °C are reported to be 0.17-0.19,0.25-0.27 and 0.11-

0.16 Wm-1K-1 , respectively [25]. The use of membranes with high porosity [94] and the 

development of bilayer membranes with hydrophobic thin coating over hydrophilic supports 

are some approaches adapted by researchers to diminish loss of heat by conduction during the 

process [95]. Nevertheless, as it has been described previously in the case of SGMD this 

parameter is less critical because the downstream fluid is a gas that generally presents a 

relatively low thermal conductivity. Moreover, in the SGMD process of this work the 

objective is very different and conducting membranes are used because this property is 

specifically used to bring the heat lost during the evaporation process to the liquid in order to 

avoid as possible the temperature polarization phenomenon. 
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I.7 Pervaporation : general description of pervaporation process 

 

Pervaporation is a liquid separation process involving separation of two components across a 

dense (non-porous), selective membrane. The pervaporation process to separate liquid 

mixtures is shown schematically in Figure I.10. 

 

Figure I.10: Schematic of a typical pervaporation process.[20] 

 

A feed liquid mixture contacts one side of a membrane and the permeate is removed as a 

vapour from the other side. The membrane can be hydrophobic or hydrophilic based on 

desired application. Transport through the membrane is induced by the vapour pressure 

difference between the feed solution and the permeate vapour. This vapour pressure 

difference can be maintained in various ways. In general at the lab scale, vacuum is 

maintained on the permeate side with help of a vacuum pump.  In industries, the permeate 

vacuum is most economically generated by cooling the permeate vapour, causing it to 

condense; condensation spontaneously creates a partial vacuum. The third possible way is to 

sweep the permeate side of the membrane with a counter-current flow of carrier gas. Further 

the carrier gas can be cooled to condense and recover permeate vapour [20].  



Chapter I. Literature review 

37 
 

In general, separation by pervaporation is based on the solution-diffusion mechanism of 

transport. The mass transport across the permselective membrane involves three successive 

steps. They are (a) upstream partitioning of the feed components between the flowing liquid 

mixture and the swollen upstream surface layer of the membrane, (b) diffusion of the 

selectively absorbed components from the surface layer through the membrane,  and (c) 

desorption of these components at the downstream surface of this membrane [96]. The 

evaluation of pervaporation efficiency of a specific feed-membrane system, is in general done 

by calculating permeability (or permeance), selectivity and permeate flux. The steady-state 

mass transport regime depends on several parameters such as feed composition, feed and 

permeate pressure, feed temperature, and film thickness. A change in the feed composition 

directly affects the sorption phenomena at the liquid membrane interface, as proved by the 

solution-diffusion principle. Since the diffusion of the components in the membrane is 

dependent on the concentration of the components the permeation characteristics are 

dependent on the feed concentration. The activity gradient of the components in the 

membrane is the principle driving force in pervaporation. The permeate pressure is directly 

related to the activity of the components at the downstream of the membrane and therefore 

strongly influences the pervaporation characteristics. Highest gradient can be obtained for 

zero permeate pressure, thus for higher permeate pressures, the feed pressure affects the 

pervaporation characteristics. The total flux in pervaporation is generally believed to increase 

monotonically with increasing feed temperature because the mobility of permeating 

molecules are enhanced both by the temperature and by the higher mobility of the polymer 

segments in the membrane [97]. However, in most cases a small decrease in selectivity is 

observed with increasing feed temperature. An increase in selective layer thickness or 

membrane thickness may decrease the pervaporation flux by imposing resistance to mobility 

of molecules across the membrane but selectivity remains constant or increases slightly [98]. 

Dehydration of solvents, removal of volatile organic components from water (water 

purification) and organic/organic separation as an alternative to conventional distillation are 

the most common applications of pervaporation process. 
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I.8 Problem statement and scope of the thesis 

 

This thesis aims to develop a metallic hollow fiber membrane contactor dedicated to the 

concentration of thermally sensitive solutions. For the concentration of such solutions several 

technologies like membrane distillation and osmotic evaporation (OE) have been employed. 

However, there are certain drawbacks from each of these techniques which limit their 

application while handling a heat-sensitive feed solution. Namely use of brine in the case of 

osmotic evaporation poses risk of corrosion of equipment used and relatively high 

temperature in the case of membrane distillation may denature the enzymes or proteins. Only 

a few researchers have put efforts to device new technologies to address latter issue. This 

project is based on an important investigation that was carried out by Hengl et al. [37] who 

presented a new process denoted Membrane Evaporation (ME). ME combines advantages of 

both OE and MD. The authors have carried out evaporation of pure water across commercial 

flat sheet membranes made of stainless-steel using dry air as extracting phase [41,42].  

The most critical challenge in design of membrane distillation system is temperature 

polarization. A local decrease in the temperature of the feed close to the membrane surface is 

called as temperature polarization. Temperature polarization reduces the driving force for the 

process thus bringing down the overall flux across the membrane.  

 

Figure I.11: Sweep gas membrane distillation with: (A) polymeric membrane and (B) 

metallic membrane. 
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Figure I.11A shows typical temperature profile in a SGMD process while using a 

hydrophobic polymeric membrane. It can be seen that, temperature of water decreases over a 

period of time near the membrane surface and this can decrease the flux across the 

membrane. All the research reported in the literature for overcoming temperature polarization 

so far involve improving properties of polymeric and or / ceramic membranes. But in this 

study we suggest a new approach as shown in the Figure I.11B, where the polymeric 

membrane is replaced by a metal membrane. Apart from being mechanically and thermally 

strong, metals exhibit distinct electrical conductivity. Exploiting this property, metal 

membranes can be heated by connecting the ends of the membrane to electrodes to supply 

electricity (Figure I.11B). This will help to supply sufficient energy to the pores to evaporate 

water and this way to reduce the temperature polarization effect.  

Besides this, with metallic membranes we can avoid heating the feed and instead heat the 

membrane to cause evaporation of water. Hengl et al. [42] mentioned that promising results 

have been obtained under such conditions but they concluded that the process was limited by 

the hydrodynamic conditions that were imposed by the flat geometry of the module.  Through 

modelling studies it was established that replacing flat-sheet geometry by hollow fibers could 

enable carrying out SGMD with higher sweep gas flow rates, which could further enhance 

water evaporation flux through the membranes. With this background, the current thesis 

presents a multidisciplinary approach that includes development of hollow fibers, requisite 

modification to befit envisaged application and finally build a pilot scale system to study 

evaporation of pure water and eventually test this system for its ability to concentrate 

thermally sensitive feed solutions. Furthermore, this study also explores application of 

metallic hollow fiber membranes as porous supports to prepare composite membranes for 

pervaporation. A smarter and interesting approach for increasing pervaporation efficiency by 

brining energy required for evaporation directly to the support by electrical heating is 

presented.
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This chapter describes chemicals and procedures utilized during the course of this study. 

Techniques of synthesizing two types of stainless-steel hollow fibers, several approaches 

used for surface modification of these fibers are discussed. Besides, analytical methods used 

to determine the properties of the membranes made are illustrated. Details of membrane 

module preparation for two types of membrane application studied in this thesis namely 

sweep gas membrane distillation and pervaporation are included. In the end, experimental 

protocols of both the membrane processes are explained. 

 

II.1 Materials 

 

Stainless steel powder (316L) with particle size of 4.17µm (D50 by the manufacturer) was 

purchased from Epson Atmix Corporation (Japan). Polyetherimide (PEI), N-

methylpyrrolidone (NMP, 99.5wt %) and polyvinylpyrrolidone (PVP K95) bought from 

Aldrich were used as polymer binder, solvent and viscosity enhancer (additive) respectively. 

PEI from Generic electric/Ultem (henceforth referred as PEI-II) was used as polymer only in 

a few preliminary screening experiments for comparison with PEI from sigma (henceforth 

referred as PEI-I). De-ionized water (milliQ water) and tap water were respectively used as 

internal and external coagulants. The stainless steel powder and PEI were dried before use; 

all other chemicals were used without further treatment. Two types of spinnerets were used in 

this study one with round needle [69] and other with a micro fabricated structured silicon 

insert in it. The structured insert was fabricated by lithography and details of the dimensions 

of spinneret are mentioned elsewhere [99].  

Polydimethylsiloxane (PDMS)-615 kit consisting of a vinyl terminated pre-polymer (RTV-A) 

and a platinum (pt)-catalyzed cross-linker (RTV-B) containing a polyhydrosilane component 

was purchased General Electric. Stearic acid (Acros organics, 97%), Hexadecyl trimethoxy 

silane (HDTMS, Fluka, ≥85%), and trichloromethyl silane (TCMS, Sigma-Aldrich) were 

other surface modifying molecules (Figure II.2) used in the study. Ethanol (Sigma-Aldrich, 

≥99.8%), Hexane (Sigma-Aldrich, ≥97 %) and toluene (Acros organics, 99.5%) were used as 

solvents to dissolve different silanes mentioned above. Sulphuric acid (H2SO4, Fisher 

scientific 95%) and 30% hydrogen peroxide (H2O2, Sigma-Aldrich, ≥30%) were used for 

membrane surface activation.  
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Three types of adhesives were used in this study depending upon the purpose. Dual 

component epoxy resin with E 505 Part A (Lot 187) and E 505 Part B (Lot 148) purchased 

from Epotecny was used to pot the hollow fiber in module for intrusion pressure 

measurement. Scrintec®901 a RTV-1k, silicone rubber based glue with acetic-crosslinking 

was used for fixing hollow fibers in the membrane distillation module. UHU plus-300, a two 

component epoxy adhesive was used for sealing the ends of hollow fibers before PDMS 

coating for application in pervaporation. 

II.2 Fabrication of stainless-steel hollow fiber membranes 

 

The hollow fiber membranes were synthesized based on principle of phase inversion. 

Combined dry-wet spinning and sintering technique was employed to produce the stainless-

steel hollow fibers. Dry-wet spinning produced hollow fiber precursors (green fibers) 

containing polymer and stainless-steel particles entrapped in the polymer matrix. During the 

sintering process metallic particles are bonded while polymer binder and other additives are 

removed [100].  

 

II.2.1 Preparation of spinning dope 

The required amount of NMP (Table II.1) was taken in a two necked round bottom flask and 

stainless steel particles were dispersed into it through sonication and continuous agitation 

with help of a mechanical overhead stirrer (Heidolph™ RZR2041). After about 30 minutes 

PEI was added into this mixture in 3 steps at interval of 2 hours with continuous stirring.  The 

mixture was heated to 80°C to completely dissolve the PEI by leaving it under stirring 

overnight. Subsequently, PVP was incorporated and the mixture was stirred until a 

homogenous spinning dope was obtained. PVP was incorporated in the spinning mixture to 

obtain sufficiently high viscosity (>10 Pa.s) [101] to allow spinning. The dope was 

transferred to a stainless- steel vessel with some part of it withdrawn for viscosity 

measurement. The stainless steel vessel with the spinning dope was then degassed under 

vacuum for 30 minutes and was let to stand overnight to completely remove any possible air 

bubbles. The viscosity of the spinning dope was measured with a Brookfield viscometer (DV-

II+ Pro) at different speeds (0.5–20 RPM) with spindle LV4-64 at 20±1°C.Viscosity 

measurements were performed to confirm dope solution with a viscosity of more than 10 Pa.s 

was formulated to ensure smooth  or uninterrupted spinning. Table II.1 presents the spinning 

dope composition for the round (dope A) and structured (dope B) fibers synthesized.  
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Table II.1: Spinning dope composition 

Spinning dope – A (wt %) Spinning dope – B (wt %) 

NMP 25 22 

SS 68 68 

PEI 6 8 

PVP 1 2 

 

II.2.2 Hollow fiber spinning 

As presented in Figure II.1, the degassed spinning dope was pressurized with nitrogen from 

the stainless-steel vessel through the spinneret connected at the bottom of the vessel.  

 

 

Figure II.1: Schematic representation of hollow fiber spinning process. 

 

Simultaneously, de-ionized water was pumped through the inner tube of the spinneret. The 

hollow fibers leaving the spinneret passed through brief air gap before a free fall into the 

external coagulant bath composed of tap water. Post spinning, the fibers were placed in a 
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fresh tap water bath to allow the phase inversion process to complete. Table II.2 presents 

spinning conditions and parameters involved in the experiments.  

 

Table II.2: Spinning parameters 

Spinning conditions Value 

Round fibers Structured fibers 

Bore liquid deionized H2O deionized H2O 

External coagulant Tap H2O Tap H2O 

Mixture extrusion pressure (bar) 1,2,3 2,3 

Air gap (mm) 5,10,50 5 

Bore liquid flow rate (mL min-1) 4,7,10 7,10 

Spinneret dimensions (mm) OD/ID = 2.0/0.8 OD/ID: 2.5 /1.2 

Temperature (°C) 21 21 

Relative humidity (%) 40 40 

 

Influence of varying the spinning parameters presented in the table above on morphology of 

the green fibers was investigated. In addition to the spinning parameters, effect of change in 

polymer source on hollow fiber structure was also studied. PEI from Sigma (PEI-I) and 

Generic electric/Ultem (PEI-II) were used in the preliminary studies to investigate if change 

in polymer make, contributed significantly to the morphology of the green precursors.  

 

II.2.3 Preparation of stainless-steel flat sheet membranes 

Stainless-steel flat sheet membranes were prepared with the same casting solution 

composition as that of hollow fibers.  The solution was cast on a glass plate using casting 

knife of 1mm thickness. After evaporation of solvent for 10 seconds, the glass plate was 

immersed in deionized water bath at room temperature. The membrane thus formed after 

non-solvent based phase separation was left in the water bath overnight, followed by drying 

in air under ambient conditions. 

II.2.4 Heat treatment/sintering of hollow fiber and flat sheet precursors 

Hollow fibers precursors (green fibers) were dried and stretched under ambient conditions for 

overnight. Later they were cut into length of about 25-26 cm and placed in a multichannel 

tubular ceramic holder for heat treatment which was carried out in a horizontally mounted 

Carbolite tube furnace connected to a programmable controller. The heat treatment was 
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carried out in 2 steps the first one being the polymer de-binding and next the sintering of 

stainless-steel particles. Various heat treatment programs were designed (Table II.3) by 

changing temperature, time and atmosphere in the furnace to study their effect on the 

structural and chemical constitution of the hollow fibers. The flat-sheet membranes after 

drying were cut into small strips and sintered using optimum sintering protocol which was 

selected based on results obtained from above mentioned heat treatment programs. 

 

Table II.3: Hollow-fiber heat treatment programs 

 

 

Sl.no 

Polymer de-binding Sintering 

a 

(°C) 

b 

(°C min-1) 

c 

(minutes) 

d A 

(°C) 

b 

(°C min-1) 

c 

(minutes) 

D 

1 525 5 1440 O2 - 

2 525 5 1440 O2 1100 5 30 N2 

3 500 5 120 N2 1100 5 30 N2 

4 525 5 120 N2 1100 5 60 N2 

a: temperature; b: ramp rate ; c: dwell time ; d : atmosphere ; O2 : oxygen gas,  N2: nitrogen 

gas 

 

II.3 Modification of hollow fibers for SGMD application: 

 

Three important approaches followed for surface modification, (1) dilute polymer coating and 

(2) silanization and (3) coating dilute fatty acid. The motive was to make the membranes 

hydrophobic while preserving their innate porous structure intact. Modifications were carried 

on the surface of both flat sheet and hollow fiber membranes fabricated in the lab as 

discussed below. Figure II.2 presents various surface modification molecules utilized in this 

study. 

 

Figure II.2:Chemical structures of surface modifying molecules used in the study. 
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stearic acid trichloromethylsilane hexadecyltrimethoxysilane
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II.3.1 PDMS coating 

Part A of the RTV 615 kit was first added into hexane, followed by part B in the ratio (10:1) 

with intermittent mixing to ensure the components were well dissolved in hexane. The cross-

linking reaction was initiated by placing the reaction mixture in a water bath maintained at 

60°C. Cross-linking was carried out for 4 hours and was stopped by placing the reaction 

mixture in cold water bath. Various concentrations of PDMS, namely 1, 2 and 3%, were 

prepared for coating the membranes used in this study. 

Prior to coating, the membranes were sequentially cleaned by sonication in water, ethanol, 

acetone, for 10 minutes each to remove surface impurities and they were dried at 100 °C for 

30 minutes. The membranes were then pre-dipped in hexane for 2 minutes to wet the surface 

and after about 20 seconds, they were dipped in the pre-cross-linked PDMS solution for 5 

minutes. Subsequently, the coated membranes were heat cured at 100°C overnight to 

evaporate the solvent and to complete the crosslinking reaction.   

 

II.3.2 Silanization of stainless-steel membranes: 

 

II.3.2.a. Pre-treatment: 

In order to activate reactive hydroxyl groups on their surface, the membranes were subjected 

to chemical etching before silanization. The membranes were treated with 1% H2SO4 

prepared in deionized water and 30% H2O2 successively for 4 and 2 minutes respectively 

[102] under continuous stirring. The membranes were then washed with deionized water 

twice for 5 minutes each time and dried under nitrogen for 1 hour to become ready to be 

silanized. 

 

II.3.2.b Treatment with hexadecyl trimethoxy silane 

HDTMS solutions of 0.02M, 0.04M and 0.1M concentrations were prepared by dissolving 

calculated amount of HDTMS in ethanol for 2 hours. The membranes were placed in this 

solution for 12 hours for reaction to occur. After the silane treatment, membranes were 

washed in ethanol three times to remove any unbound/unreacted HDTMS molecules from 

their surface and were then dried at 120°C for 2 hours [103].  
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II.3.2.c Treatment with trichloromethylsilane  

0.1 M TCMS solution was prepared by dissolving it in toluene for 1 hour.  The membrane 

was immersed in this solution for 4 hours. Thereafter, the coated membranes were thoroughly 

rinsed with toluene and dried at 100 °C overnight. 

 

II.3.3 Stearic acid coating on the SS membranes 

 

The surface pre-treated membrane was placed in stearic acid solutions of 0.02, 0.05 and 0.07 

M prepared in ethanol. After coating in stearic acid solutions for 1 hour, the membranes were 

rinsed in ethanol and dried at 100°C for 1 hour [104].  

 

II.4 Characterization of the membranes 

A description of membrane modification methods adapted and several techniques used in 

each case for the membrane characterization are mentioned in Table II.4. Thermo gravimetric 

analysis and carbon content measurements were performed on unmodified hollow fiber 

membranes. 

 

Table II.4: Categories of membrane modification and characterization techniques  

Membranes modification method Techniques used for characterization 

PDMS  Contact angle 

Scanning Electron Microscopy (SEM) 

SEM-EDX (Energy-dispersive X-ray spectroscopy) 

Mercury  porosimetry 

Intrusion pressure measurement 

Stearic acid  Contact angle, SEM, SEM-EDX 

Mercury  porosimetry 

Intrusion pressure measurement 

HDTMS Contact angle, SEM, SEM-EDX 

Attenuated Total Reflectance (ATR) 

CTMS  Contact angle 
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II.4.1 Thermo Gravimetric Analysis (TGA) 

 

TGA is a technique in which the mass of a substance is monitored as a function of 

temperature or time as the sample specimen is subjected to a controlled temperature program 

in a controlled atmosphere. This technique was used to understand and compare the thermal 

stability of the polymers used to fabricate the hollow fiber membranes. The purpose was two-

fold: (1) to choose the right polymer that would help us have minimum residual carbon 

content in the stainless steel fiber, and (2) to design the polymer de-binding step (time, 

temperature and atmosphere) hollow fiber heat treatment process. The thermo gravimetric 

spectra was recorded on a Netzsch STA 449 F3 under nitrogen atmosphere  at a heating rate 

of 5 °Cmin-1 over a range of 25 - 800 °C for the polymers PEI, PES (Ultrason,6020P) and 

sodium alginate (Aldrich,A2033). In addition, the analysis was performed for the polymers 

and the stainless-steel fiber at 525 °C for period of 90 minutes with heating and cooling rates 

of 5 °Cmin-1 and 10 °Cmin-1 respectively.  

 

II.4.2 Carbon content measurement 

 

Carbon content is a very important parameter and decides the efficiency of heat treatment 

step in polymer removal. Carbon content of the round (smooth) fibers sintered at various 

sintering conditions (Table II.3) was analyzed with an elemental analyzer (Fisions 

Instruments 1108 EA CHN-S). Supplementary analyses were carried out at the “Service 

Central d’Analyse” of the CNRS in Villeurbanne, France.  

 

II.4.3 Scanning Electron Microscopy (SEM) 

 

SEM was used to observe the surface and cross-section morphology of the naive 

(unmodified) and modified hollow fiber membranes. The membrane samples were broken 

with the help of tweezers in liquid nitrogen to have uniform cross section and were fixed on 

the sample holders with the help of conductive carbon tape.  After this samples were 

deposited with, a thin layer of gold (Au) in a Mini Sputter Coater (SC 7620) from Quorum 

Technologies in order to prevent charging of the surface, to promote the emission of 

secondary electrons so that the specimen conducts evenly, providing a homogeneous surface 

for analysis and imaging. Although for unmodified metallic membranes gold coating was not 
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mandatory but when coated with different surface modifying molecules it was advisable to 

coat with Au to obtain better image quality. The membrane samples were examined using 

Hitachi S48000 Scanning electron microscope at an acceleration voltage of 5kV.  

 

II.4.4 Mercury Intrusion porosimetry 

 

Mercury porosimetry technique was employed to obtain information about the total pore 

volume, the mean pore diameter and the percent porosity of modified and unmodified hollow 

fiber membranes. The membranes were broken into small pieces about 2-2.5 cm and were 

placed inside the penetrometer (measurement cell). Minimum 1gram of sample was taken for 

each analysis to be sure to have stem value between 20-90 % to get accurate results. The 

porometer used in this study was Micromeritics® AutoPore IV 9500 consisting of two 

compartments, first one with 2 low pressure analysis ports capable for carrying out analysis 

in the pressure range 0.5-30 psi and second compartment with high pressure analysis for 

pressures between 30-60,000 psi. Under optimal operating conditions, pore size ranging from 

360 to 0.003 µm could be measured. 

 

II.4.5 Determination of membrane hydrophobic properties 

 

II.4.5.a. Contact angle determination 

Contact angle (θ) is a measure of wettability of a surface and helps to decide if the surface 

under measurement is hydrophilic (θ < 90°) or hydrophobic (θ > 90°). In this study this 

measurement was carried out to confirm hydrophobicity of the innately hydrophilic stainless 

steel membranes after treatment with several surface modifying molecules. Flat sheet 

membranes of stainless steel with identical composition as that of hollow fiber membranes 

were fabricated. The contact angle of water on modified and unmodified stainless steel flat 

sheet membranes was measured by a video based contact angle analyzer (Krüss DSA 

10Mk2). The membranes were dried at 40 °C overnight to furnish a dry membrane surface 

for the measurement. 10 µl of demineralized water was deposited on membrane surface for 

each measurement. Knowing that contact angle gives only a qualitative measure of surface 

hydrophobicity, 3 measurements at different places on the membrane surface were taken to 

have a reliable measure of the parameter and to assess homogeneity of the hydrophobic 
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treatment. The final value of contact angle reported in this study is the average of 3 

measurements. 

 

II.4.5.b Intrusion pressure measurement 

Intrusion pressure measurements were carried out in a small module built in the lab with 

swagelok stainless-steel fittings capable of housing a single stainless steel hollow fiber. The 

membrane was sealed on one end with epoxy resin to block the passage of water through the 

tube and allow the passage only through the pores as shown in Figure II.3 inset. On the other 

end the membrane was sealed at the intersection of membrane and the tube in which the 

membrane is fit such that the membrane is well fixed inside the tube. Dual component epoxy 

resin from Epotecny was used for fixing the membrane in the module and the module was 

dried at 100° C for 4 hours before using it for measurement.  

The membrane module was connected to water reservoir on the feed side and to a recovery 

tank equipped with a pressure sensor (West 8010 display and pressure sensor APS - 21S, 0-5 

bar Keller) on the permeate side. Figure II.3 gives details of experimental set-up used for the 

measurement.  

 

Figure II.3: Intrusion pressure measurement set-up. (adapted from [105]) 

 

The water reservoir was connected to a nitrogen gas line that was provided with a second 

pressure sensor to control and display the pressure upstream of the membrane. Two control 

valves were positioned, one before the gas inlet to the water reservoir and another at the 

reservoir’s end. The last valve allowed prevention of the water from entering into the 
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membrane module when the measurement is not being done. The pressure was increased by 

0.05 bar after 10 minutes of stabilization at each measurement. As soon as the first drop of 

liquid penetrated through the membrane, it created an abrupt change in the pressure in the 

recovery tank that was immediately detected by the sensor connected to it. The intrusion 

pressure was determined by plotting the variation in the permeate pressure as a function of 

the retentate pressure [106]. 

 

II.4.5.c Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

To confirm the chemical changes that occur on the membrane surface after treatment with 

HDTMS and stearic acid, hollow fiber membranes were cut open into small fragments with 

the help of a cutter.  The hollow core section was examined under A Bruker IFS 66v/S ATR-

FTIR spectroscope enabled with platinum diamond ATR mode. Before the analysis the 

unmodified and modified membranes were dried at 40 °C overnight to avoid interference by 

moisture content during analysis. Appearance of typical bands corresponding to the carboxyl 

group (COO) in case of stearic acid at 1702 cm-1 and CH2 groups of HDTMS between 2800-

3000 cm-1 were investigated. The measurements were performed at different spots on the 

membrane surface to assess homogeneity of the hydrophobic coating. 
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II.5 Sweep gas membrane distillation: equipment and implementation 

 

II.5.1 The module 

 

The membrane module with capacity of housing 25 hollow fibers was built in-house. Figure 

II.4 illustrates various stages involved in building the module.  

 

 

Figure II.4: Assembly of hollow fiber membrane module. 

 

Two polyvinyl chloride (PVC) rings OD/ID=45/40mm diameter each (Figure II.4a) inscribed 

with 25 equally spaced hollow cavities of diameters 1.7 mm were designed. With help of 

Scrintec® 901 adhesive, 4 stainless-steel rods of length 140 mm were fixed the at the four 

corners of the PVC rings as supports to build an upright cartridge (Figure II.4b). 2% PDMS 

modified membranes were then fixed between the two  PVC rings with help of Scrintec® 

901adhesive such as to leave about 5 mm length of fiber protruding out of the PVC ring on 

each side and the fiber lumen is open (Figure II.4c-e). Once the adhesive dried, this PVC 

cartridge was placed inside the transparent housing made of Plexiglas (Figure II.4 f-g) 

provided with of 2 stainless steel arms acting as inlet and outlet for feed flowing on the shell 

side of the fibers. The gap between PVC cartridge and the outer transparent housing was 

filled with the adhesive to isolate the shell side of fibers from lumen side (Figure II.4h). The 
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whole module was left to dry overnight at room temperature. Finally, the module was closed 

with stainless steel caps (Figure II.4i) provided with inlet and outlet for the sweep gas 

flowing on the lumen side of membranes and the module was ready to use. Scrintec® 901 

was chosen because of its properties to dry at room temperature, thermal stability and ease of 

removal without causing permanent damage to the fibers. The membrane module comprised 

25 fibers, each with the length of 150 mm, and total area of the membranes (at the lumen 

side) was 0.0139 m2. Figure II.5 presents the design and actual dimensions of the hollow fiber 

membrane module and its various parts. 

 

 

Figure II.5: Dimensions of the hollow fiber membrane module and its accessories. 
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II.5.2 SGMD process description 

 

In this section the experimental set-up of SGMD is described. A vertically mounted hollow 

fiber membrane module forms the core of the system. Circulation paths for the fluids flowing 

on the shell and lumen side of the fibers, instrumentation used to control and determine 

respectively the input and output process parameters involved in the process are illustrated in 

the Figure II.6.  

 

 

Figure II.6: Schematic of SGMD pilot plant: (A) Instrumentation and piping line diagram 

(B): actual experimentation unit. 
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II.5.2.a. Circulation of liquid feed 

The hollow fiber membrane module was submerged in a continuous stream of the feed 

flowing from feed tank to the shell side of the hollow fiber membranes driven by a gear pump 

(MICROPUMP). The feed entered from the bottom access of the module and was re-

circulated back to the tank from the top. A heat exchanger (stainless steel coil) equipped with 

temperature control system was immersed inside the feed tank to regulate the feed 

temperature. A positive displacement flow meter (OVAL LSF45) gave a measure of flow rate 

of feed entering the module. Two temperature sensors, Pt 100 (accuracy ± 0.3°C) and 

piezoresistive pressure sensors (KELLER, range 0-1 bar) were placed at entrance and exit of 

the feed stream to monitor the respective values during the process.  

 

II.5.2 b Circulation of air 

Compressed air, which was issued by the lab network at ambient conditions, was used as 

extracting phase (sweeping gas) in this process. Air flows in counter current direction to the 

feed, entering from the top of the module leaving from the bottom. In order to maintain high 

water vapour partial pressure gradient across the membrane, the air was dried by passing it 

over drierite column composed of anhydrous CaS04 (purity> 99.5%). A rotameter (Brook, 

Tube R-2-15-A, tantalum float) was used to regulate the flow rate of air entering into the 

module. The total pressure inside the module was at kept constant at value of atmospheric 

pressure (P service = 1.0 × 105 Pa absolute) and was controlled with help of two control 

valves located at air entrance and exit. Besides pressure and temperature sensors, two relative 

humidity (RH) probes (Delta ohm coupled to a hygro-transmitter HD 2007TC) were fixed at 

air entrance and exit. The precision of the RH probes was 2% in the range of 5-95% RH.  

 

II.5.2.c Experimentation protocol 

To start the experiment, the module was stabilized by circulating the air in the lumen side of 

the fibers at requisite flow rate. Stabilization was carried out for 20-30 minutes until entrance 

humidity of air reached a constant value. Once this was achieved, aqueous feed was pumped 

in the shell side of the module. The sweep gas and the feed circulated in counter-current 

manner. The counter-current mode was chosen to maintain the partial pressure gradient 

constant all along the length of the fibers. This would eventually help to achieve higher flux 

values. Every experiment was carried out for fixed duration of 120 minutes to a maximum 

period of 240 minutes. Temperature, pressure and relative humidities values were recorded 

every five minutes. The water evaporation process occurred at the external surface of the 
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porous, metallic-hydrophobic membranes. The water vapour diffused through the porosity 

and then it was stripped by dry sweep gas inside the membrane lumen and carried away to the 

outlet. The relative humidity probes recorded the resulting change in the humidity of air 

leaving the module. Water evaporation flux was calculated by performing a mass balance of 

water vapour in entry and exit air streams and was expressed in terms of kg of water 

evaporated per unit area of the membrane per hour (kg h-1m-2). The sweep gas flow rate was 

varied from 8-135 Lh-1(Reair=145-2498) at temperature of 20±2°C. 

On the shell side, demineralized water was initially used as the model feed to describe the 

process. The flow rate of water was fixed at 34Lh-1(Rewater=163) and operating temperatures 

were varied between 25 and 60°C. 

Experiments were conducted for a period of 120 minutes at which a stable evaporation flux 

was witnessed. Effect of change in process parameters specifically the sweep gas flow rate 

between 8-135 Lh-1(Reair=145-2498) and pure water temperature 25-60 °C, on water 

evaporation flux were investigated. The values of the Reynold’s numbers on air and water-

side were determined by control limits of the pump and by the pressure drop created by the 

module.  

Flux in sweep gas membrane distillation is proportional to the vapour pressure gradient 

created across a macroporous hydrophobic membrane. The saturated water vapour pressure (

Sat

wP ) in sweep gas was calculated by the Antoine equation as follows 
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where T: temperature of air  

Mole fraction of water vapour (y) in the sweep gas was calculated based on the relative 

humidity using the equation   
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where RH % - percentage relative humidity and PT- total pressure of air in Pascal 

Total number of moles of water in the sweep gas was then calculated depending upon the air 

flow rate set during the experiment was determined using the following equation 

w airn y q                   (3) 
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where qair is air flow rate in molh-1. Using the above equations 1-3 total number of moles of 

water present in streams of sweep gas entering (nw1) and leaving (nw2) the membrane module 

was calculated. The total quantity of water evaporated (w in kgh-1) was determined as follows 

2 1
18

( )
1000

w ww n n         (4) 

And hence, the water evaporation flux was calculated as  

( . . . )
w

w
J

n d l
                                            (5) 

where, ‘d’ inner diameter and ‘l’ length of each hollow fiber, ‘n’ is number of fibers in the 

module .In other words  n.π.d.l represents the total membrane area involved in evaporation. 

 

II.5.2.d  Protocol for experiments with sucrose solutions 

In the next stage, experiments were conducted with sucrose solutions as model fruit juice 

solutions to validate performance of this new type of hollow fiber membranes in juice 

concentration. Sucrose solutions of concentrations ranging from 50-600 gL-1 (4.3-50 °Brix) 

were prepared in demineralized water. Feed solution was pumped into the shell side of the 

module and dry air swept the lumen of the fibers in counter-current direction. The feed 

solution was constantly stirred with help of overhead magnetic stirrer to have uniform 

sucrose distribution in the feed tank during the process. The experiments were performed for 

120 minutes and at regular intervals of 15 minutes samples were collected from the feed 

reservoir to analyze the sucrose concentration. The refractive index (°Brix) of collected 

samples was measured and corresponding sucrose concentration was extrapolated from a 

calibration curve. A mass balance on water vapour present in the inlet and exit air helped to 

determine the total amount of water evaporated through the membrane.  

On the air side the flow rate was fixed at 135 Lh-1 (Reair=2458). Shell side feed concentrations 

were varied from 50-600 gL-1 and temperatures in the range of 25-60ºC while keeping the 

flow rate constant at 34 L h-1.  For calculation of theoretical water evaporation flux in case of 

sucrose solutions as feed, water activity was considered. Water activity (aw) was calculated 

for each sucrose concentration based on Norrish equation [107]. 

2.exp( . )w sa Xw K X        (6) 

where Xw- mole fraction of water, Xs-mole fraction of sucrose, K is empirical constant for 

solute which is equal to -6.47±0.06 for sucrose  
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The water flux is proportional to the water vapour pressure difference across the membrane. 

Presence of sucrose in the feed changes the water activity and ultimately the water vapour 

pressure on the feed side. Thus the flux can be written as    

( . )w m w vf vpJ k a P P       (7) 

where Pvf  and Pvp  are the water vapour pressures at feed and permeate side of the membrane 

respectively. km is the mass transfer coefficient. The experimental water evaporation fluxes 

were calculated using equations (1-5). The experimental and theoretical water evaporation 

fluxes obtained using sucrose solutions as feed were compared with that of pure water 

evaporation flux to study possible existence of concentration polarization effects on the flux.  

 

II.6 Experiments with membrane heating by Joule effect 

 

The Joule effect can be defined as the generation of heat solely arising from flow of current 

in a conductor. Stainless-steel hollow fiber membranes possess electrical conducting 

properties and hence can be heated by using joule effect. This was accomplished by applying 

a potential difference across two ends of the stainless steel fibers through two electrodes 

emanating from a low voltage generator. To be able to convey homogeneous supply of 

electricity to all the fibers, a metallic ring was designed which could fit over the fibers on top 

of the two PVC rings holding the fibers (previous described in section module building). 

Conductive glue was filled in the gaps between fibers and the metallic ring to establish 

electrical contact. Two electrical wires running from top of these metallic rings had their one 

end connected to the fibers and other to the positive and negative potentials low of voltage 

generator respectively. The details of these alterations made to the membrane module for 

electrical connections are elucidated in Figure II.7.  
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Figure II.7: Sweep gas membrane distillation with membrane heating. 

 

The electric power supplied to the membranes was controlled by regulating the voltage 

applied. The energy P (W) delivered to the membrane depends on the current I (A) and the 

voltage U (V) imposed between both electrodes and can be related by equation   

electricP U.I   (8) 

Experiments were carried out at low voltage to avoid risks of electric shock and prevent the 

damage of the membrane.  Preliminary experiments were carried out with demineralized 

water fixing the flow rate and temperature of water at 34 Lh-1 and 25 °C. On the air side a 

constant flow rate of 60 Lh-1 was maintained. The experiments were performed as explained 

in section II.5.2.c for first one hour duration. Once the exit air humidity reached nearly 

constant value under applied experimental conditions, electricity was applied. Thereafter 

changes that occur in values of temperature and humidity on the entrance of exit side of air 

were recorded. Calculations of water evaporation flux were made using same equations 

previously used (equation 1-5). During the experiments change in temperature along the 

membrane after applying electricity was recorded at every 5 minutes interval with help of 

laser based non-contact thermometer (Testo 845).  
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II.7 Pervaporation with metallic hollow fiber membranes 

 

In this thesis, the application of porous stainless-steel membranes prepared by phase 

inversion was investigated as supports to fabricate composite membranes for hydrophobic 

pervaporation. In this section the method to prepare hollow fiber composite membranes will 

be discussed. Cross-linked PDMS was used as a thin, selective and hydrophobic layer on top 

of the stainless-steel hollow fiber membranes. PDMS was selected because of its better 

permselective property towards ethanol [108].A lab-scale pervaporation set-up for selective 

removal of ethanol from water is presented. In here, we elaborate conventional pervaporation 

which is carried out by maintaining feed at room temperature and a new approach where heat 

for evaporation of feed is supplied using electrical heating of stainless-steel support. 

 

II.7.1   Preparation of  hydrophobic composite membranes  

 

In order to coat the hollow fibers from outside, both ends of the hollow fiber were sealed by a 

two component epoxy adhesive (UHU plus- mixing the binder and the hardener in 1:1volume 

ratio) prior to the coating. The membranes were then placed in the oven at 100 °C for 1 hour 

to dry the adhesive. Later on, these membranes were treated in the ultrasonic bath with water, 

ethanol and acetone for 10 minutes each to remove the surface impurities followed by drying 

at 100 °C for 30 minutes. 

A PDMS coating solution was prepared in hexane by dissolving pre-polymer and cross-linker 

in a 10:1 weight ratio. The cross-linking reaction was initiated by adding cross-linker (part-B) 

and continued by placing the PDMS solution into a water bath maintained at 60 °C with 

constant stirring. Cross-linking was carried out for 4 h for 5 and 10% PDMS solutions 

whereas, 15 and 20% PDMS solutions were cross-linked for 2 hours. Cross-linking time is 

important in order to obtain the PDMS solutions with requisite viscosity [109]. Hence 

solutions with low PDMS concentrations were cross-linked for longer duration than solutions 

with high PDMS concentration. Before coating a PDMS top layer on the hollow fiber 

support, they were immersed in hexane for 4 h to saturate the pores with the solvent in order 

to prevent the intrusion of the coating solution into the support. The supports were then 

transferred immediately into pre-cross linked PDMS solution and treated for five minutes. 

The supports were then dried at room temperature for 10 minutes followed by curing at 110 

°C at least for 1 h to complete the cross-linking. 
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II.7.2   Characterization of the membranes 

 

Scanning electron microscopy (SEM) and EDX analysis 

The surface and cross-sectional morphologies of the composite membranes were studied by 

scanning electron microscopy (Philips HL30 FEG). In order to obtain a smooth cross section 

of coated membranes, samples were broken by immersing them in liquid nitrogen. The 

microscope was equipped with energy dispersive x-ray detector (EDX). With the help of 

EDX, the silicium (Si) concentration on the surface and cross section of the composite 

membranes was assessed by selecting the appropriate energy band, typical for silicium at 2  

keV. 

 

II.7.3 Description of pervaporation process 

 

II.7.3. a   Pervaporation experimental set-up 

A single hollow fiber was mounted vertically with the help of Swagelok stainless steel 

fittings clamped over a supporting column as shown in the Figure II.8. A transparent 

cylindrical glass tube was assembled around the fiber acting as the reaction vessel and to help 

in circulation of the feed. On the downstream side, hollow fiber is fixed to a permeate cold 

trap via plastic tubing capable of holding the vacuum. Other end of this cold trap was 

connected to a pressure gauge and to vacuum cold trap directly in contact with a vacuum 

pump (purchased from ‘Edwards’). The glass tube has openings at the top and bottom for 

feed circulation. A peristaltic pump (BT100-1L from longer pump) was used to circulate the 

feed around the membrane. Both the ends of the fiber are in contact with metallic tubing that 

acted as contact points with the fiber and to establish electrical connection. A compact bench 

top DC power supply source (Thurlby Thandar TTi instruments) was used to apply the 

current across the membrane. Two electrodes running from this power supply were connected 

to the two metallic ends which were in contact with the membrane. 
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Figure II.8: Schematic diagram of bench-scale pervaporation set-up. 

 

II.7.3. b   Pervaporation experimental protocol 

The experiments were initiated by applying a vacuum to the downstream side of the hollow 

fiber membrane followed by feed circulation. The system was equilibrated for two hours. For 

the experiments which were run without electrical heating of the membrane (referred 

hereafter as blank) the permeate collection was begun after equilibration period. Permeate 

vapours were collected for 12-13 hours and were condensed in a cold trap using liquid 

nitrogen. In case of experiments with membrane heating, the permeate collection started 30 

minutes after applying the current and permeate collection was carried out for the same 

duration as that of blank. Changes in temperatures along the membrane after applying 

electricity were monitored with the help of a mini laser thermometer during the experiments 

at intervals of 30 minutes. 

The membranes used in pervaporation were about 13-14 cm long and had an effective surface 

area of 0.0003-0.0004 m2. The ethanol/water feed was maintained at room temperature (20±2 

°C) and was constantly mixed over a magnetic stirrer (IKA –RTC classic).  The feed was 

pumped at constant flow rate of 30 ml min-1 with help of the peristaltic pump. The upstream 

(shell) side of the membrane was maintained at atmospheric pressure and a vacuum of 80 

mbar was maintained at the lumen side of the fiber for all experiments. Pervaporation 

experiments were carried out at ethanol concentrations ranging from 2-20 wt %. Values of 

current applied were controlled between 1-4 A with precautions in order to avoid electrical 
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shocks and / or membrane damage. To fix a maximum utilizable value of current and be 

assured about not damaging the membrane because of overheating, a small test was carried 

out on the membrane beforehand. The membrane was connected between two electrodes of a 

low voltage generator and the electric current was applied with a gradual increase from 1 to 4 

A and the temperature on the membrane surface was measured with the help of an infrared 

thermometer. For an applied current of 4 A, the membrane surface was heated to a 

temperature about 50-55 °C. Under the influence of feed flow on the shell side of the 

membrane, the temperatures during the actual experimental conditions should be lower. 

 

II.7.3. c Pervaporation performance analysis 

The pervaporation efficiency of the membranes was evaluated in terms of flux and separation 

factor. Feed and permeate samples were analyzed using a refractometer (ATAGO RX-

7000α). The separation was calculated using the following equation, 

/ (1 )

/ (1 )

y y

x x


 

  
(9) 

where, y and x are the weight fractions of the components in the permeate and feed, 

respectively. 

The vial used to collect permeate was cleaned and weighed (W1) before each pervaporation 

experiment. After the completion of the experiment, these vial was removed from liquid 

nitrogen, allowed to reach room temperature while covered with parafilm, and weighed 

together with the permeate  (W2). The mass of the collected permeate (W) was equal to the 

weight difference of the vial before and after pervaporation and was estimated as 

2 1W W W          (10) 

And the permeate was flux (J) was calculated by the relation 

( . . )

W
J

t d l


        
(11) 

where t is the permeate collection time, d and l are the inner diameter and length of the fiber 

respectively.
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This chapter presents findings of the current work in various stages. At first, the structure and 

important properties of the stainless-steel hollow fiber membranes are discussed. Thereafter, 

the results from membrane characterization that validate membrane surface modification and 

their relevance to intended applications are explained. In the end, detailed evaluation of these 

membranes in membrane process development is provided. 

 

III.1 Synthesis of metallic hollow fiber membranes 

 

III.1.1 Selection of a suitable polymer 

The hollow fiber precursors have been prepared by Non-solvent Induced Phase Separation 

(NIPS). This is a well-known technique for spinning polymeric hollow fiber membranes. 

Inorganic hollow fibers prepared by NIPS exhibit an asymmetric structure that can provide 

better permeability for a given thickness. This facilitates their direct application in separation 

processes and or / as a porous support for composite membrane synthesis. The choice of the 

right polymer-solvent and non-solvent system is the basis for a successful hollow fiber 

preparation and PES-NMP-water has been the most commonly used system in the history of 

inorganic membrane synthesis [69–72,110,111]. An important aspect to note is that PES has 

been extensively used as polymer binder in previous studies on fabrication of inorganic 

membranes because it is solubility in NMP, low cost and spinnability. However, it is also 

very important that the amount of organic content left behind in the inorganic membranes 

after sintering of the hollow fiber precursor should be as low as possible to obtain membranes 

with higher mechanical strengths. PES has relatively high thermal stability and hence, in 

particular for metallic membranes synthesis, can result in persistence of carbon in the final 

fibers. For stainless-steel hollow fiber preparation, it has been reported [112] that the 

persisting carbon in the fibers above a certain temperature can lead to interaction with steel 

particles particularly with chromium forming chromium carbides that are unfavourable for 

corrosion resistance of the stainless steel fibers. Besides, PES contains sulfur, which is 

released to the atmosphere when the polymer is burnt during heat treatment, which is not 

environment-friendly.  

In this perspective, it was important to choose an alternate polymer binder that will be 

suitable for NIPS, can be easily degraded during thermal treatment, and also helps to main 

structural integrity of the fibers during sintering. For this, we compared TGA of 3 polymers 
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namely PES, PEI, and sodium alginate. The latter two are potential replacements for PES. 

The results of the analysis are represented in Figure III.1.  

 

Figure III.1: TGA graph of (A) various polymers in O2 (oxygen)atmosphere; (B) comparison 

of PEI and PES at 525 °C in N2 (nitrogen) atmosphere; (C) stainless-steel green fiber in 

N2atmosphere. 

 

As is evident from Figure III.1A, PEI begins to decompose around 525°C and is gradually 

and completely and removed at 580-590 °C. For PES, decomposition begins at 525 °C with 

about 60 % mass remaining after this stage.  After the second eventual loss at around 625 °C 

about 40 % mass of the polymer remains. Complete removal of PES seems to be possible 

only at 650 °C, proving that PES remains longer than PEI.  In case of sodium alginate the 

polymer degradation proceeds in various segments. The thermal degradation begins at 200 

°C, with 90 % mass of polymer remaining intact. The second stage of mass loss is seen at 300 

°C and thereafter at 350 °C. However about 20-30 % polymer remains even at temperatures 

higher than 800 °C. Thus with sodium alginate as a binder the chances of carbon persisting at 
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temperatures higher than 600 °C is higher. Thus, the alginate is a less interesting option for 

fabricating stainless-steel fibers. Therefore, in the next stage of comparison PES and PEI 

were considered. These polymers were incubated at 525 °C under N2 for a period of 90 

minutes to determine extent of polymer removal under these conditions (Figure III.1B). After 

100 minutes, about 40 % of initial mass of polymer still persists. The data also indicates that 

the use of PEI allows to reduce the sintering time in inert atmosphere; this can help to design 

cost-effective fabrication process for metallic fibers. The thermal behavior of stainless-steel 

green fiber is shown in Figure III.1C, where a loss of about 8-9 % mass is seen. This 

corresponds to the total amount of polymer that has been used in fabricating the fibers, hence 

assuring maximal carbon removal.  

Taking into consideration the structural integrity of the fibers during the heat treatment, it is 

important to mention that in another study [112] PS (polysulfone) and PMMA (poly methyl 

methacrylate) have been investigated as alternate polymers to PES as binders. The authors 

reported that the PS derived hollow fibers collapsed during the polymer debinding step. 

Perhaps the polymer decomposition is so abrupt that the inorganic particles have no support 

to stay close enough to cause grain growth by neck formation between each other, resulting in 

collapse of the fibers. Spinning hollow fibers with stainless-steel and PMMA has been 

reported to be difficult [112]. PEI is soluble in common solvents like NMP and the viscosity 

of the casting dope prepared with PEI is good enough for rapid solvent–coagulant exchange 

to occur during the phase inversion. This is necessary to fabricate asymmetric membranes 

with high porosity and fingerlike macrovoids. In addition, PEI exhibits essential 

characteristics of an ideal binder material for fabrication of inorganic hollow fibers in terms 

of successful spinning, residual organic content and also structural integrity. In conclusion, 

PEI can be considered to be a promising alternative to PES to fabricate stainless-steel fiber 

membranes. 

 

III.1.2 Morphology of round hollow fiber precursors 

 

III.1.2. a  Dope composition 

On comparing the spinning dopes prepared from PEI from two different sources a noticeable 

difference in their viscosity can be seen.  Figure III.2 shows the shear thinning behavior of 68 

wt % stainless steel loaded PEI suspensions in NMP after incorporating PVP. The spinning 
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dope derived from PEI-I has a viscosity of about 80 Pa.s which is lower than that of dope 

from PEI-II that is 98 Pa.s at lower shear rate (RPM=1).  

 

Figure III.2: Viscosities of spinning dopes derived from PEI (I and II) as a function of shear 

rate. 

 

The influence of the variation in dope composition on the fiber morphology is shown in 

Figure III.3. The hollow fiber in Figure III.3A has a very thin skin layer on the inner wall of 

the fiber followed by macrovoids extending to the fiber outer wall and exhibits a highly 

porous structure. While in Figure III.3B, two layers of macrovoids originating respectively 

from inner and outer walls of the fiber are observed. 
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Figure III.3: Green hollow fiber precursors spun from dope with PEI and stainless-steel 

particles: (A) with PEI from Sigma; (B) PEI from Ultem (spinning conditions: Bore liquid 

speed: 3mL min-1; air gap: 5 mm and N2 pressure: 1 bar). 

 

For polymeric hollow fibers fabricated from PEI-II similar observations have been reported 

by Husain and Koros [113].  Fingerlike macrovoids can reduce the effective length of the 

diffusion path through the membrane. Therefore the morphology of these membranes is 

expected to allow good performance in the gas–liquid contacting process. Although not a 

drastic change in morphology has been observed between hollow fiber precursors derived 

from PEI-I and PEI-II, the prior is considered for further experiments since it gives rise to a 

more connected population of macrovoids and seems more porous in comparison to its 

counterpart.  The non-circular bore and high wall thickness of the fibers in both cases can be 

attributed to the spinning conditions rather than to the grade of polymer used.  
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III.1.2. b .Effect of spinning parameters 

 

Bore liquid flow rate and fiber morphology 

The effect of change in spinning parameters on the morphology of the fibers was investigated 

by varying the bore liquid flow rate. As shown in Figure III.4, bore liquid flow rates affect 

the inner diameter and wall thickness of the fibers. 

 

 

Figure III.4: Green hollow fibers spun at variant bore liquid flow rate: (A) 3mL min -1; (B) 

10 mL min-1. 

 

At lower flow rate, the inner diameter of the fibers was irregular making it difficult for an 

approximate measurement of the same. A uniform inner diameter of about 1.1 mm is 

observed at higher flow rates (Figure III.4B). The wall thickness of the fiber that has been 

spun at higher flow rates seems to have reduced compared to its value at lower bore liquid 

flow rates. Qiu et al. [114] described similar effects in their studies on fabrication of 

polymeric hollow fiber membranes. They suggested, increased pressure of bore liquid at 

higher flow rates may have caused expansion of the fiber diameter before the hollow fiber 

solidification. For membrane distillation application the morphology observed in Figure 

III.4B, with thinner wall thickness and nice round bore, appears more interesting because in 

this case the diffusion path through the membrane thickness is reduced.   
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Air gap and N2 pressure  

The effect of air gap has been studied, keeping the bore liquid flow rate and N2 pressure 3 mL 

min-1 and 1 bar, respectively. It has been noticed that with increase in the air gap, formation 

of a thin dense layer occurs on the outer walls of the fiber. With longer air gap, residence 

time of the hollow fiber in the air increases. This can cause water vapour going into the fiber 

allowing for a slow phase separation when hollow fiber. Besides, it is also observed that with 

increase in air gap to 50 mm fibers with an irregular or elongated bore shape are formed. 

Similar observations are reported by Wienk et al. [115] who stated that when nascent hollow 

fiber spends longer residence time it is under the influence of shear and die-well forces apart 

from the gravity forces, which could lead to decrease in overall diameter of the fibers. At N2 

pressures more than 2 bar it was difficult to have a smooth spinning process.  

 

III.1.3 Sintering conditions and carbon content measurement 

 

Commercial stainless steel (316L) belongs to the group of austenitic stainless steel in which 

the corrosion resistance is enhanced by the addition of chromium (12%). The letter “L” 

indicates low carbon content, is generally <0.03% [116]. NIPS based methods to fabricate 

inorganic hollow fiber membranes require incorporation of a polymer as binder. In section 

III.1.1, we have discussed methods to choose the right polymer to reduce sensitization of 

stainless steel. However, it is also equally important to design the two stages of heat 

treatment, namely: polymer removal and particle sintering, to ensure we minimize the 

chances of sensitization.  

During sintering of stainless steel fibers, to avoid oxidation of these fibers, polymer burn-out 

had to be conducted in inert or reducing atmosphere. This hampers the removal of organic 

material, which above a certain temperature can react with elements present in the steel. In 

particular the reaction between chromium in steel and carbon from polymer may form 

chromium carbide and their subsequent precipitation during heat treatment can cause the 

occurrence of chromium-depleted zones along the grain boundaries, leading to a phenomenon 

known as sensitization. In other words, sensitization refers to destruction of insulating and 

regenerative chromium oxide film present on the steel surface.  We studied the effect of 3 

parameters; the atmosphere of heat treatment, the polymer debinding time and the time for 

sintering/formation of particle grain boundaries. 
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Table II.3 (chapter II) presented the various sintering programs that were investigated. The 

fibers derived from spinning dope A (Table II.1, chapter II) were subjected to these sintering 

conditions (S1-S4) and the carbon content of the resulting fibers is presented in the Table 

III.1. 

Table III.1: Carbon content of the stainless-steel fibers 

Sample identity Carbon content (%) 

Hollow fiber precursor 7.53* 

S 1 0.17* 

S 2 0.10* 

S 3 3.3±0.1 

S 4 4.2±0.1 

(S1-S4: Sintering programs designed (refer Table II.2; Chapter2). *no error indicated, 

because the values have been measured only once. 

 

In the table above we can observe that fibers fired for 24 hours in oxygen possess very low 

carbon content. However, they are very brittle as becomes evident from visual observations 

and handling. The reason behind this could be the faster removal of the organic 

content/polymer in oxygen atmosphere and also incomplete sintering of the particles due to 

lower temperatures. This is evident from observing the surface of the fiber wall that clearly 

shows the segregated stainless-steel particles (Figure III.5 A).  
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Figure III.5: Fiber morphologies at variant sintering conditions; A-D are results of sintering 

conditions S1-S4 respectively. 

 

Surprisingly, even after subjecting fibers to heat treatment under N2, in case S2 the same 

scenario as prior case is observed (Figure III.5B). Only possible explanation could be that a 

long time exposure to oxygen caused oxidation of the particles and hence fusion of grain 

boundaries was not possible. Only when the sintering atmosphere was completely replaced 

by N2 and a two stage heat treatment at 500 and 1100 °C was delivered to the fibers, we could 

observe necking of the particles and formation of pores on the surface (Figure III.5C and 

III.5D). Fibers derived from S3 and S4 programs yielded fibers with relatively similar carbon 

contents. However, fibers sintered for 60 minutes at 1100 °C (S4) are stronger than S3 fibers. 

To test the corrosion resistance of fibers made, the fibers derived from all sintering programs 

were immersed in tap water for two nights and later on third day the fibers were observed for 

appearance of rust on the surface. The fiber from S4 had relatively unchanged shiny surface, 

whereas others had brown iron oxide formed over the surface and grew brittle. Thus the S4 

program has been considered to be the optimal to sinter hollow fibers for next stage of 

experiments.  
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III.1.4 Morphology of sintered stainless-steel hollow fibers 

 

SEM micrographs of 68 (wt %) stainless-steel loaded fibers represent cross-section of green 

hollow fiber precursor (Figure III.6A) and of fiber sintered at 1100 °C (Figure III.6C).  

 

 

Figure III.6: SEM images of 68 wt % stainless steel hollow fibers (A), (B) green precursors; 

(C), (D) sintered at 1100 °C. 

 

The cross section of precursor membrane exhibit finger like macrovoids caused due to rapid 

solvent exchange (NMP: water) during phase separation. The macrovoids originate from 

inner surface of the fiber extending until the fiber wall.  The precursors were spun at bore 

liquid flow rate of 10 mL min-1, air gap of 5 mm and a N2 pressure of 1 bar. These conditions 

have been considered optimal for dry-wet spinning PEI-SS suspensions because they result in 

thin and uniform walled hollow fiber membranes with a circular bore. The image of the fiber 

sintered at 1100 °C, indicates that there is slight shrinkage in the fiber outer diameter from 

approximately 1.83 mm for green precursors to 1.73 mm for sintered fiber. This is due to the 

removal of the polymer during sintering and subsequent necking of the stainless-steel 



Chapter III : Results and Discussion 

78 
 

particles. Apart from the shrinkage, no apparent structural deformations have been observed 

in the hollow fibers after sintering. The final wall thickness of the fibers is between 240-270 

µm.  In SEM images of the green precursor fiber (Figure III.6B), under higher magnification 

we can observe polymer matrix surrounding the stainless steel particles in a mesh-like form, 

which disappears in the sintered fiber (Figure III.6D) where we can only observe the porous 

network formed by necking of these particles.  

 

III.1.5 Description of structured hollow fibers 

 

Structured or corrugated surfaces have been commonly employed in conventional heat and 

mass transfer units to enhance the surface area for the transfer. In membrane applications this 

strategy has been adapted by few researchers to increase mass transfer rates. Flat sheet 

membranes with corrugated surface have been most often used in several applications. 

Corrugated PDMS membranes for enhancing the ethanol flux in pervaporation [117], 

reduction of fouling effects by virtue of promoting turbulence in flow and increasing the 

surface area of membrane using corrugated polymeric flat sheets [118,119], comparison of 

gas permeation performance of patterned and non-patterned membranes [120] are few 

examples of successful applications of corrugated flat-sheet membranes. An innovative idea 

of combining hollow fiber configuration and surface corrugation was first reported by Nijdam 

et al. [99] who employed micro-engineered spinnerets to fabricate polymeric hollow fibers 

with microstructured external surfaces. Following this, Çulfaz et al. [121] reported synthesis 

of structured PES-PVP hollow fibers that exhibited enhanced flow rates and surface area in 

comparison to the round fibers. The authors also demonstrated ultrafiltration performance of 

the fibers structured in the bore side [122]. It is worth exploring the possibility of creating 

such microstructures on metallic hollow fiber membranes.  

The idea is to improve mass transfer by means of increasing area to volume ratio using 

hollow fibers with structured outer surface plus, higher extra thermal and mechanical 

stabilities by virtue of metallic nature of membranes. In MD applications also, the importance 

of adapting new membrane geometry and novel module designs have been recently 

emphasized. It has been recognized that modifying fiber geometries can help create 

secondary flows or eddies, improve hydrodynamic conditions in the membrane modules 

[123]. By virtue of this permeation flux can be enhanced and undesirable effects such as 
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temperature polarization can be mitigated. This motivated us to design metallic membranes 

with corrugated surfaces. 

The polymer–particle suspension is pressurized through the structured silicon insert present 

inside the spinneret. The suspension leaves the spinneret acquiring the shape of the silicon 

insert on the outer side. The structure evolution is dependent upon composition of the dope 

solution most importantly the viscosity and next the spinning conditions. In our studies we 

studied two important parameters. First one was the dope viscosity and the second being the 

air gap length during spinning. 

Initial spinning experiments carried out with 6 % PEI concentration (composition A in Table 

II.1) the corrugated structures could not be obtained; despite varying the values of air gap, 

bore liquid flow rate and N2 pressure only obtain round/ smooth fibers were obtained. The 

possible reason could be lower viscosity of the dope solution. To verify this, the spinning 

dope viscosity was improved by incorporating higher polymer amounts i.e. 8 wt % instead of 

6 wt%. The viscosity increased to 334 Pa·s from that of 80-100 Pa.s for dope with 6% PEI. 

This increase can be attributed to high loading of stainless-steel particles (68 wt %). Çulfaz et 

al. [121] have reported that, viscosity as high as 155 Pa.s was favourable for a successful 

spinning of hollow fibers with corrugated outer surfaces. In their studies such high viscosity 

was achieved with the polymer loading of 20 wt %, for polymeric hollow fibers. But in 

present work with nearly half of this polymer loading (8 instead of 20 wt %), requisite range 

of viscosity for spinning structured fibers was easily achieved owing to the presence of 

particles. This emphasizes the fact that there is a broader range of experimental design 

possible by varying inorganic particle loading to prepare structured fibers even at lower 

polymer loading. 

Concerning the spinning conditions and their effects, the air gap length seems to play a 

distinct role to make these membranes with microstructured outer skin. At air gap of 5 mm or 

less we were able to obtain fibers with clear corrugations on its outer wall and a good bore 

shape.  At air gaps more than 10 mm, the hollow fibers obtained were round/smooth. This 

loss of structure is directly related to the residence time spent by the nascent fiber leaving the 

spinneret in the air. When the fiber leaves the spinneret there are two forces that decide the 

fate of the microstructure. The first one is the change the surface energy of the fiber that 

drives the fiber to round shape. The second one is the viscous force that opposes changes in 

the structure of the surface. When the air gap is longer, the timescale for viscous flow is 

longer, and minimization of the surface energy results in a totally round fiber. It has been 
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described [121] that when the air gap increases the corrugations get smaller because of 

necking of the fiber in the air gap. 

 

 

Figure III.7: Morphology of structured stainless-steel hollow fibers (Spinning conditions: 

bore liquid flow rate: 7 mL min-1, air gap: 5 mm; N2 pressure: 3 bar). 

 

Figure III.7 illustrates the structured hollow fiber green precursors (Figure III.7A) and 

sintered stainless-steel hollow fibers with corrugated outer surface (Figure III.7C). The 

spinning dope was extruded at 3 bar of N2 pressure, since at pressures lower than this it was 

difficult to extrude the highly-viscous dope. At bore liquid speed of 7 mL min-1 and air gap 5 

mm structured hollow fibers with good circular bore were obtained. Reduction in the outer 

diameter of the fiber from approximately 2.4 mm for green precursors to 1.75 mm for 

sintered fibers was observed due to shrinkage caused by burn out of polymer. The fibers 

retained the configuration even after the heat treatment and the corrugations remained intact. 

Figure III.7B elucidates the stainless steel particles embedded in the polymer network. A 

closer view of sintered hollow fiber wall with macrovoids lining along can be seen in Figure 

III.7D.  The proof-of-principle of the concept is successfully demonstrated by fabricating new 

type of hollow fibers. With lower wall thickness and corrugated outer surface these metallic 

fibers can be of significant potential as membranes for membrane distillation. Table III.2 

summarizes various types of stainless-steel hollow fibers produced in this stage, highlighting 

important characteristics of the hollow fiber membranes.  
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Table III.2: Hollow fiber membranes fabricated during the study 

Serial no. Type of 

hollow fiber 

OD/ID 

(mm)* 

Wall thickness 

(µm)* 

Sintering 

conditions 

Carbon 

content (%) 

1 Round/smooth 1.7/1.1 240-270 1100 °C; 30 

minutes in N2 

 

3.3±0.1 

2 Round/smooth 1.6/1.1 220-240 1100 °C; 60 

minutes in N2 

 

4.2±0.1 

3 Structured 

fibers 

1.75/0.875 400 1100 °C; 60 

minutes in N2 

Not 

measured 

* Value measured post- sintering (approximation from SEM images) 

 

Amongst the hollow fibers mentioned in the table III.2, ones which were sintered at 1100 °C 

for 60 minutes were considered for further experiments of surface modification and 

application. These fibers had thinner walls compared to other round/smooth fibers sintered 

for 30 minutes at 1100 °C. Moreover the final carbon content in both cases was comparable. 

In case of structured fibers as we see the wall thickness is higher as compared to the round 

fibers. Higher wall thickness increases resistance to mass transfer resulting in lower fluxes. 

Therefore structured fibers were not considered for further experimentation. Great deal of 

standardization has to be done concerning carbon content and spinning conditions to obtain 

structured stainless-steel fibers suitable for application in membrane distillation. 
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III.2 Characterization of stainless-steel hollow fiber membranes 

 

III.2.1 Membranes for SGMD 

Round / smooth hollow fibers with wall thickness between 220-240 µm and carbon content 

of 4.2±0.1 % were used for modification and eventual applications in both membrane 

distillation and pervaporation.  

 

III.2.1.a Contact angle measurement 

The unmodified or the native stainless steel (SS) membranes are hydrophilic in nature. 

Meaning they are likely to absorb water and this is evident from the angle formed by water 

droplet on the membrane surface which is less than 90°.  

 

 

Figure III.8: Influence of surface modification on hydrophobicity of SS flat-sheet 

membranes.  

 

When this membrane was subjected to three types of hydrophobic treatments contact angle 

values higher than 90° were achieved as seen from Figure III.8. The values reported are 

average of three measurements performed on each membrane in flat geometry as explained 

above in “Materials and methods” section. Significant increase in contact angle is seen with 

HDTMS (138°) which was comparable with that obtained by stearic acid (134°). With PDMS 

coating the contact angle change that occurs is lesser compared to the prior two treatments 

but yet was substantial. The above-obtained values are comparable with values reported in 

relevant literature [103,124]. In general the contact angle of water for polymeric membranes 
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often used in MD application varies from 108-115° for PTFE [125] and about 123-165° in 

case of PVDF [126]. The three methods mentioned above are relatively simple and yet 

effective to produce metallic membranes with good hydrophobicity in accordance with 

membranes often used in membrane distillation.  

However, not all the modifying reagents attempted in the study, were able to improve 

hydrophobicity of stainless-steel membranes. The membranes treated with CTMS in fact 

turned highly hydrophilic. Such behavior was evident during contact angle measurement 

where water drop immediately was absorbed inside the membrane, which was not the 

characteristic of native membrane. Possible explanation for this can be that, this is due to the 

interaction of Chlorine in the silane molecule with the membrane surface causing degradation 

in the membrane properties. This explanation is based on the observation that after CTMS 

treatment membrane surface was oxidized and had a greenish precipitate formed on it. This 

precipitate may be CrCl3 (chromium chloride). It can be assumed that, possible interaction 

with chromium from stainless-steel and chlorine from silane may have led to corrosion or 

oxidation of the membrane and eventual greenish color development. Therefore CTMS was 

considered not a suitable reagent for stainless-steel surface modification and no further 

characterization or experimental work was continued with it.  

 

III.2.1. b SEM and SEM-EDX analysis 

The results from SEM analysis help us to visualize the changes occurring on the membrane 

surface after modification with hydrophobizing molecules. SEM-EDX analysis enables better 

understanding of membrane surface chemistry before and after the modification.  

 



Chapter III : Results and Discussion 

84 
 

 

Figure III.9: SEM micrographs of hollow fiber membrane surface before and after surface 

modification with stearic acid and HDTMS. 

 

As seen in SEM images in Figure III.9, with lower concentrations (0.02 M) of stearic acid 

and HDTMS the membrane surface resembles that of unmodified membrane. This explains 

that lower concentrations were favourable in terms of imparting hydrophobicity to the 

membrane while maintaining its native structure intact. With 0.07 M stearic acid and 0.1 M 

HDTMS, the surface pores were partially covered indicating possibility of  the pore size and 

or / the overall porosity of the membranes being changed. This was undesirable for mass 

transfer purposes. In case of PDMS treatment, the surface of unmodified and modified 

membranes looked alike for all three concentrations of PDMS employed. 

 

As an example we can see in Figure III.10, even with 2 % PDMS coating the membrane 

surface had analogous appearance to its unmodified counterpart. This suggests, with this 

concentration we managed to coat the grain boundaries stainless-steel particles without 

causing intrusion of PDMS into the pores.  From this we could infer the fine-tuning the 

concentration of chemical reagents used for surface modification is very vital to design 

membranes for desired application. 
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Figure III.10: Comparison of stainless-steel membrane surface prior to and after 2 % PDMS 

coating. 

 

To confirm the presence of elements which are representative of chemical reagents employed 

in the study SEM-EDX profiles of membranes before and after modification were compared.  

 

 

Figure III.11: SEM-EDX profiles explaining change in surface elemental composition. 

 

Figure III.11 compares the SEM-EDX signals for native SS membrane and membrane 

modified with 3 % PDMS. Post treatment, we observe significant increase in Carbon (c) 

peak. The change in Au (gold) signals can be attributed to non-uniform gold sputtering 

during sample preparation. It is important to notice that peaks corresponding to chromium 

(Cr) and iron (Fe) remained unchanged in both membranes.  But Si and C signals, typically 

derived from PDMS became more obvious. In order to precisely define this change, C-Cr and 

Si-Cr ratio was calculated for both the membranes based on quantification of the amounts of 
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each element obtained from the EDX spectra. These ratios presented in the inset in Figure 

III.11 along with respective EDX spectra, clearly explicate the increase in carbon and silicon 

on the membrane surface because of PDMS coating.  

In Figure III.12 we can observe the elemental composition of hollow fiber membrane 

changing at every stage of the membrane modification procedure with stearic acid. 

 

 

Figure III.12: SEM-EDX profiles of stainless-steel hollow fiber membrane before and after 

stearic acid treatment. 
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The activation of reactive hydroxyl groups on native membrane surface (Figure III.12A) after 

pretreatment with hydrogen peroxide and sulphuric acid is confirmed with increased Oxygen 

peaks in Figure III.12B. With subsequent reaction between the stearic acid and OH groups on 

membrane surface, few OH groups are consumed during reaction and the carboxylic acid 

forms bond with the membrane surface. This is reflected in Figure III.12C wherein after 

treatment with 0.02M stearic acid with the sharpness of oxygen peak is reduced and slight 

increase in carbon peak is observed with considerable decline in chromium and iron signals. 

With further increase in Stearic acid concentration to 0.07 M (Figure III.12D) it forms a layer 

on membrane surface due to greater interactions with the membrane surface via remaining 

OH groups. A sharp peak of carbon, further reduction in intensity of oxygen peak and almost 

nil peaks of chromium and iron (which are very prominent in Figure III.12A and B) are the 

proof to say that stearic acid has interacted with the surface of the hollow fiber membranes 

forming a hydrophobic layer.  This also partially explains the observations made in SEM 

analysis where in with 0.07 M concentration the density of open pores on the membrane 

surface were relatively lesser compared to native membrane. In Figure III.12 on the right we 

can observe, the scheme of possible chemical reaction which involves, generation of 

hydroxyl groups (OH) on the surface of the stainless-steel hollow fiber membrane after 

surface pretreatment. Followed by , their reaction with free OH groups of stearic acid and the 

subsequent condensation reaction resulting in release of water and leading to formation of 

covalent bond between carbon atom of stearic acid and oxygen from the membrane surface. 

However in case of HDTMS treated membranes, no remarkable change in chemical 

composition could be observed in SEM-EDX patterns. Also with ATR analysis it was 

difficult to see bands corresponding to Si-O linkage that should have ideally appeared post 

treatment. The reason for both could be very low concentrations of HDTMS used for 

treatment. However with higher concentrations there is always risk of pore closure which is 

unfavorable. Due to these reasons HDTMS treated membranes were not analyzed further 

using techniques normally used to characterize membranes for membrane distillation. 

 

III.2.1.c Determination of intrusion pressure 

Wetting resistance is an important performance indicator to evaluate MD performance of a 

membrane. Intrusion pressure measurement gives a quantification of this wetting resistance 

property. The membranes modified with PDMS (1, 2 and 3%) and Stearic acid (0.07 M) were 

analyzed using this technique. The graphs in Figure III.13 show the variation of the pressure 

in the permeate compartment depending on the pressure of the retentate. The curves obtained 
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from measurement with all four exhibit similar trend. In the beginning of the experiment the 

increase in pressure of the retentate side does not cause any variation in the pressure on the 

permeate side which remains zero. Once the retentate pressure exceeds certain value, the 

permeate side pressure is not zero anymore and increases steadily. 

 

Figure III.13: Variation of permeate pressure as a function of retentate pressure for        

PDMS and stearic acid modified membranes (Accuracy of sensors: ±0.01 bar). 

 

The sudden increase in the permeate side pressure corresponds to the passage of liquid 

through the membrane pore to the permeate compartment. The intrusion pressure is the 

pressure on retentate side at the time of detection of the first water drop on the permeate side. 

It is very clear from Figure III.13 that, for 1 and 2 % PDMS coated membranes there is a 

sudden and strong increase in permeate side pressure at retentate side pressures exceeding 1.3 

and 1.35 (105 Pa) respectively. Whereas for 3 % PDMS and 0.07 M stearic acid coated 

membranes not such high permeate side pressures is observed. This may have happened 

because of blockage of more membrane pores when coated with 3 % PDMS and 0.07 M 

stearic acid. Table III.3 summarizes the experimental values of intrusion pressure obtained 

for the four membranes.  
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Table III.3: Results of intrusion pressure measurement of modified membranes 

Membrane 1% PDMS 2% PDMS 3% PDMS 0.07 M (2%) 

Stearic acid 

Intrusion 

pressure 

ΔPc (105 Pa) 

 

0.3 

 

0.35 

 

0.5 

 

0.4 

Average pore 

diameter of the 

separating layer 

(µm) # 

2.5 2.1 1.5 3.3 

# Value approximated based on contact angle and intrusion pressure from equation (1) 

 

It can be inferred that with increasing PDMS concentrations the wetting resistance of the 

membranes increases. Highest value of ΔPc=0.5*105 Pa is obtained for 3% PDMS coated 

membrane. The intrusion pressure of a membrane treated with stearic acid was slightly higher 

0.4*105 Pa when compared to a 2% PDMS coated membrane. This is analogous to the contact 

angle measurement results, where the latter presented lower contact angle value. From the 

Laplace equation below, a theoretical estimation of pore size can be made 

2. .liquid
c

p

P
r

 
                 (1) 

Where ΔPc is intrusion pressure (Pa), rp is the average pore radius (m), σliquid is liquid surface 

tension of the liquid phase (water) (Nm-1), θ is the contact angle between the membrane and 

the liquid phase. The theoretical values of average pore diameters measured at respective 

contact angle and intrusion pressure values for membranes after modification with 2% PDMS 

and 2% stearic acid were approximately 2.1 and 3.3 µm respectively. The intrusion pressure 

values of these membranes are quite low perhaps because of the high  average pore diameters 

values. In general, polymeric membranes with average pore size from 0.2-0.45 µm have 

demonstrated higher values of intrusion pressure in the range of 124-463 k.Pa [88,127]. 

These findings hold good for polymeric membranes that have different surface chemistry. In 

recent studies successful membrane distillation performance has also been demonstrated 

using modified commercial stainless steel flat membranes having mean pore diameters in the 

range of 2-2.4 µm [42]. Moreover metallic membranes in hollow fiber configuration have 
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never been tried before for membrane distillation application and hence are interesting and 

novel materials worth to explore. 

 

III.2.1.d Porosity, pore size and pore size distribution 

Mercury porosimetry allows evaluation of the pore size distribution of a porous solid 

material. This can be accomplished by plotting the derivative of the mercury intrusion 

volume as a function of pore size, as seen in Figure III.14 where the results are shown for 

membranes before and after treatment with PDMS solutions of various concentrations.  

 

Figure III.14: Pore size distributions of the unmodified and PDMS coated hollow fiber 

membranes determined by mercury porosimetry. 

 

The results highlight that before and after modification of these membranes, the pore size 

distributions remain similar. This is really important to notice that there is no appearance or 

disappearance of pores. Pore size distribution is largely unimodal with most of the pores 

lying in the range of 2-3 µm pore size. The pores in 0.01 µm range can be neglected as their 

population is too small. The peaks seen in the 100-200 µm regions could be due to the bore of 

the hollow fibers, because the samples taken for analysis were short pieces of hollow fiber 

membranes. In addition, unmodified and membranes modified with 1 and 2 % PDMS have 

similar volume of pores of size 2-3 µm. Whereas the population of these pores is to some 
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extent less for 3 % PDMS treated membranes. These observations can be further affirmed by 

results of pore size and porosity measurements shown in Table III.4. 

 

Table III.4: Structural parameters of membranes before and after modification with PDMS 

 

Properties 

Native SS 

round hollow 

fibers 

Native SS 

structured hollow 

fibers 

After surface modification of round 

hollow fibers with 

 

1% 

PDMS 

 

2% 

PDMS 

 

3% 

PDMS 

Average pore 

diameter 
(µm) 

 

3.3 

 

2.2 

 

3 

 

3.2 

 

3.2 

Total porosity 

(%) 

 

29.7 

 

22 

 

29 

 

31 

 

29.1 

 

The porosity of the round hollow fiber membranes remains in the range of 29 ± 1 % before 

and after modification. The small deviations in values can be assigned to differing sample 

weights during measurement to which mercury porosimetry is known to be highly sensitive. 

The average diameter of the pores is 3.3 µm for an unmodified membrane. It changed 

negligibly after modification to 3, 3.2 and 3.2 for 1, 2 and 3 % PDMS modified membranes 

respectively. To summarize, the mercury porosimetry shows that structural properties of 

membranes, namely porosity and pore diameter, are only slightly changed after surface 

modification with cross-linked silicone. This also supports the results of SEM showing no 

formation of polymer layer on the surface of any of the modified membranes. Therefore, 

modification is only done in the form of a monolayer over grains of stainless-steel particles 

that constitute the membrane structure. 

 

It is interesting to compare the mean pore size values obtained with the calculation of the 

Laplace equation and pressure intrusion measurements (Table III.3) with the values measured 

with mercury porosimetry (III.4). In fact for PDMS modified membranes, pressure intrusion 

always results in lower mean pore sizes (2.6 µm) with respect to the measured pore size by 

mercury porosimetry (3.1 µm). This difference can be explained on one side by the fact that 

even if the pressure intrusion is measured with hollow fibers, the contact angle value used in 

the Laplace equation is obtained with flat membranes. On the other side, mercury 
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porosimetry takes into account all pores (open and dead-end) and the mean pore size could be 

not corresponding exactly to communicating pores. 

 

We also investigated the effect of deposition of multiple PDMS layers on the membrane 

structural parameters. For this a different batch of stainless-steel hollow fibers with slightly 

higher porosity was used. The results of the mercury porosimetry for membranes with single 

double and triple 2 % PDMS coatings and with a single layer of 0.07 M stearic acid are 

summarized in Table III.5. 

 

Table III.5: Structural parameters of membranes before and after multiple 2% PDMS 

coatings  

 

Properties 

Native SS 

round hollow 

fibers 

After surface modification with 

 

1st layer of 

2% PDMS 

 

2nd layer of 

2% PDMS 

 

3rd layer of 

2% PDMS 

 

1st layer of 

2% (0.07M) 

stearic acid 

Average pore 
diameter 

(µm) 

 

2.8 

 

3 

 

2.4 

 

2.3 

 

2.3 

Total porosity 

(%) 

 

40 

 

38 

 

36 

 

30 

 

39 

 

It can be noticed that with increasing number of layers, the porosity decreases considerably 

from 40 % for the native membrane to 30% for a membrane coated with 3 layers of PDMS. 

This is obviously due to formation of a thin dense layer of PDMS on the membrane surface 

with increasing number of layers. It is worth noting that the average pore size does not vary 

drastically, the range being 2.8 ± 0.3 µm for modified and unmodified membranes. For 

stearic acid treated membranes, even with the highest concentration used (0.07 M), the 

porosity and average pore size remained similar to the unmodified membranes. This is a 

positive sign to assure that structural properties of the native membranes are preserved with 

only necessary hydrophobic properties imparted. 
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The closure of pores on the membrane surface with increasing number of PDMS layers is 

clearly seen in the SEM images presented in Figure III.15.  

 

 

Figure III.15: SEM micrographs of hollow fiber membrane surface coated with increasing 

numbers of PDMS layers (A: native SS, B-D: 1, 2 and 3 layers of 2%PDMS). 
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III.2.2 Membranes for pervaporation 

 

Pervaporation requires a membrane composed of a porous support which enables higher flux 

and a selective dense top layer. In this work, the membranes for pervaporation were prepared 

by coating a thin layer of PDMS at various concentrations of 5-20 wt%. The composite 

membranes thus prepared were characterized by contact angle, SEM and SEM-EDX 

analyses. The contact angle of the unmodified membrane changed from 78° to 128° after 

coating with a 20 wt % PDMS solution. Figure III.16 compares the cross-section and surface 

SEM micrographs of membranes coated with 5 and 20 wt % PDMS solutions. 

 

Figure III.16: SEM micrographs of 5 wt% (A and B) and 20 wt % (C and D) PDMS coated 

membranes. 

 

The membranes coated with 5 % PDMS show a non-uniform and rough surface (Figure 

III.16A) generated by deposition of the PDMS. However, the surface is not completely dense, 

as some pores are still visible. Perhaps because of the lower viscosity of solution, it fails to 

form a uniform layer. Same observation holds for the cross section of this membrane where 

no coating can be visualized (Figure III.16B). With 20 wt % PDMS coated membranes, a 

dense uniform layer formed on the surface can be observed which covers all the pores (Figure 

III.16C). The thickness of this layer, as  estimated from cross section SEM image (Figure 

III.16D), is about of about 10-12 µm.  
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SEM-EDX profile of 20 wt % PDMS coated hollow fiber membrane surface (Figure III.17B) 

is compared with its unmodified (Figure III.17A) counterpart to obtain confirmation about 

the modification. 

 

Figure III.17: SEM –EDX profiles of unmodified (A) and 20 wt % PDMS coated membrane 

(B).  

 

After coating, there was a sharp increase in the silicon (Si) peak. It is also important to state 

that the peaks of chromium and iron, which are very evident in unmodified membranes, are 

drastically reduced in modified membrane.  
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III.3 Sweep Gas Membrane Distillation 

 

This section is dedicated to the performance evaluation of hydrophobic metallic hollow fiber 

membranes in SGMD. Two types of feed were used in these studies: pure water and sucrose 

solutions. Table III.6 describes the characteristics of the membranes used in these 

experiments. The results shown are the mean values of various measurements.  

 

Table III.6: Characteristics of membranes used in SGMD experiments  

 

Membrane 

 

Membrane properties post modification  

Feed Porosity 

(%) 

Avg. 

pore 

size 

(µm) 

ΔPc 

(105 Pa) 

Contact 

angle  

(°) 

Wall 

thickness 

(µm) 

Length 

(m) 

ID/OD 

(mm) 

 

1 

 

39 

 

2.3±0.01 

 

0.4±0.02 

 

134±1 

 

220-240 

 

0.15 

 

1.6/1.1 

 

Pure 

water 

 

2 

 

36 

 

3.2±0.01 

 

0.35±0.02 

 

122±1 

 

220-240 

 

0.15 

 

1.6/1.1 

 

Pure 

water, 

sucrose 

solutions 

1: membrane treated with 0.07 M stearic acid, 2: membrane coated with 2% PDMS  

 

For these experiments, 25 hollow fibers were potted in a module and the water-sealing was 

ensured by a silicone based adhesive (Scrintec®901). The aqueous feed was pumped in the 

shell side of the module and the sweep gas circulated in the lumen side. Both flows were fed 

in counter-current manner. 
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III.3.1 SGMD performance evaluation with hollow fiber membranes modified 

with stearic acid 

 

Stearic acid modified membranes were assessed for their water evaporation ability using pure 

water at 25 °C. However, membrane performance was not very promising. After one 

experiment, the membranes were oxidized and reverted to being hydrophilic. This was 

detected by a sudden increase in humidity of the exit air and discharge of water from the air 

exit channel. The oxidation may be due to the interaction of the stearic acid with the feed 

water. It is worth noting that the feed side pressure was maintained well below the intrusion 

pressure of the membrane during the experiments. Based on this it was inferred that even 

though the membrane was hydrophobic with considerably high contact angle and intrusion 

pressure values, the hydrophobicity was not long lasting. Experimental stability was not 

satisfactory and hence the experiments were not continued with these membranes. 

Following this, the membranes were cleaned to eliminate the oxidation layer formed on their 

surface. The membranes were sonicated in ethanol for 2 hours and left overnight in an 

ethanol bath. After 4-5 washes with ethanol and acetone, for 1 hour, the membranes were 

dried at 100 °C overnight. Finally, they were coated with a 2 % PDMS solution and the same 

were used for all further experimentation.  
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III.3.2 SGMD performance of PDMS modified metallic hollow fiber 

membranes 

 

III.3.2.1 Pure water evaporation across metallic hollow fibers 

 

Preliminary experiments with pure water were carried out under mild operating conditions 

(feed temperature and sweep gas flow). Figure III.18 presents an example of the progress of 

the water evaporation flux as a function of experimental time.  

 

Figure III.18: Variation of water evaporation flux versus time  

(qair: 25 L h-1(Reair=455);qw: 34 Lh-1(Rewater =163); Tair : 20±2ºC; Tw: 25±0.2 ºC; Pair: 

atmospheric; standard deviation of evaporation flux : ±0.01 kg h−1 m−2). 

 

The evaporation flux gradually increases initially reaching a threshold value of 0.037 kg h-1m-

2 in about 20 minutes .Thereafter flux stays constant throughout the experimental duration of 
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120 minutes. The flux increase is driven by the gradient of water vapour partial pressure 

across the membrane which is the highest at the beginning. But at initial times the vapour has 

to diffuse through the membrane porosity and then a time-lag is observed until a constant 

gradient is established between the upstream and downstream sides, then the evaporation rate 

becomes constant. For a set of fixed process parameters (feed and air flow rate, temperatures 

of air and feed), the flux increases with the increase in water vapour pressure gradient. Once 

the water vapour pressures are stabilized on both feed and permeate sides the mean gradient 

becomes constant and hence a constant evaporation flux is reached. However, if we consider 

the hollow fiber length the gradient is not certainly the same between the module input and 

output.  This can be confirmed by observing the difference between humidity at module exit 

and inlet mentioned in Table III.7. Here we see that the humidity difference is not constant 

and is varying although the flux is constant at the corresponding experimental time. 

 

Table III.7: Evolution of humidity profile during the experiment 

Experimental time  
(minutes) 

Difference between  
inlet and outlet humidity 

0 0.268 

5 0.698 

10 0.743 

15 0.756 

20 0.762 

25 0.765 

30 0.767 

35 0.767 

40 0.766 

45 0.767 

50 0.767 

55 0.767 

60 0.767 

65 0.768 

70 0.768 

75 0.768 

80 0.766 

85 0.766 

90 0.767 

95 0.768 

100 0.768 

105 0.769 

110 0.77 

115 0.772 

120 0.774 

Precision of RH probes (2% RH in the range 5–95% of RH) 

 

For all preliminary experiments carried out to design the actual experimental time, flux 

remained unchanged after 120 minutes up to a maximum assessed duration of 240 minutes. 
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The measured flux values were reproducible, presenting a variation of ±0.01 kg h-1m-2 

between each set of three repeated experiments. Results suggest that these membranes are 

capable of evaporating water through their pores with only difference in water vapour partial 

pressure as the driving force. It is interesting to note that the membranes were capable of 

attaining a reasonably good and stable water evaporation fluxes within a short experimental 

time without the need of heating the feed solution. In a previous study [42], fluxes of 0.05-0.1 

kg h-1m-2 were reported with three commercial stainless steel flat sheet membranes at feed 

temperature of 25 °C and Reair= 20. A flux of 0.1kg h-1m-2 was obtained using the membrane 

with the highest porosity (70%). Whereas the other two membranes with porosities of 28 and 

29 % had evaporation fluxes comparable to those obtained in our study with membranes of 

similar porosity. This assures that the prepared membranes do have good prospects in the 

intended application.  

 

III.3.2.2 Influence of operating parameters on pure water evaporation 

Process variables on air and water side, especially the flow rates and the temperatures 

significantly influence the magnitude of SGMD flux. In our study, we investigated effects of 

variation of feed temperature, sweep gas flow rate, and membrane heating on evaporation of 

water. Sweep gas temperature and feed flow rate are equally important parameters and hence 

more attention was given to maintaining them at constant value during the experiments. 

However, earlier studies in SGMD [26] have defined the effects of change in air temperature 

and liquid feed flow rate as negligible in case of pure water as feed. The effect of these 

parameters on evaporation flux was thus not investigated in the present study. 

 

III.3.2.2. a Effect of sweep gas (air) flow rate 

Understanding the influence of the sweep gas flow rate on evaporation of water across the 

membrane is very essential, because sweep gas plays a significant role in the process by 

continuously taking away the water vapour produced at the membrane downstream.  

The variations occurring in the water evaporation rates for different air flow regimes were 

studied with milliQ grade water as feed maintained at a constant temperature (25 °C) and 

flow rate of 34 Lh-1 (Rewater = 163). The air flow rate was regulated between 8 Lh-1 to 135 Lh-

1, which corresponds to Reynolds numbers of 145-2458 respectively. Reynolds number 

calculations were done based on the diameter of the air flow channel (hollow fiber lumen 

with d=1.18 mm), as well as density and viscosity of air. These Reynolds numbers place the 
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flow of air between laminar and transition flow, but not in real turbulent conditions. The air 

velocity of 135 Lh-1 was the maximum possible for the systems used here, because higher air 

flow rates created overpressure and air bubbles appeared on the water side. These air bubbles 

were clearly observed in the transparent module. Thus, the practical upper limit of air flow 

rate for our process was fixed to 135 Lh-1. 

 

Figure III.19 shows that with change in air flow regime from laminar to transient 

(Reair=1820) there is a continuous increase in the flux. 

 

Figure III.19: Change in water evaporation flux versus air side Reynolds number  

(Tw: 25° C; qw: 34 Lh-1 (Rewater =163); Tair: 20 ± 2 °C; Pair: atmospheric; standard deviation of 

evaporation flux: ±0.01 kgh−1m−2). 
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as dilution effect in MD literature [52] and thus water vapour partial pressure on permeate 

side decreases. This in turn increases the driving force which is the difference in water vapour 

partial pressure between air and water compartments. Secondly, change of the air flow 

regime from laminar to transient decreases the boundary layer thickness on the air side 

decreasing the resistance to mass transfer on the air side. This helps to have higher 

evaporation rates. However, when air-flow is increased further we hardly notice any further 

increase in evaporation flux. The water vapour pressure in the boundary layer approaches its 

value in air and the overall water transport becomes controlled by membrane diffusion. It can 

be said that beyond this range the mass transfer is limited by membrane structural parameters 

rather than the hydrodynamic conditions.  

Water evaporation flux of 0.1 kg h-1m-2 was achieved at maximum operational air flow rate of 

135 Lh-1 (Reair=2458). Mourgues et al. [41] predicted the highest achievable flux for 

membrane evaporation in case of flat sheet metallic membranes under turbulent air flow 

regime (Reair=1500) as 1.61 kg h-1m-2. But the prediction was true for membrane with 

thickness of 75 µm which is about three times lesser than thickness of membranes used in our 

studies. Taking into consideration the fact that the porosities of membranes used in both 

studies were similar, it can be expected that, by improving the ratio porosity (ε) to membrane 

thickness (δ) higher fluxes can be acquired with our membranes. Furthermore, using hollow 

fiber geometry allows operating not just in a transition flow regime of air but also near the 

turbulent flow which was a limitation with flat sheet geometry. This effect was described by 

Hengl et al. [42] who commented that there was a risk of penetration of water from the feed 

solution into the membrane outside the laminar flow regimes because of the high increase in 

pressure drop. 

 

III.3.2.2. b Effect of feed temperature 

The influence of feed temperature on the evaporation of pure water was studied at 

temperatures ranging from 25-60 °C. These studies were carried out under two air flow 

regimes, laminar (Reair=1092) and transient (Reair = 2458). As seen in Figures III.20 and 

III.21, an increase in feed temperature leads to an increase in flux. The reason behind this is 

the increase of water vapour pressure with rises in feed temperature. The difference in water 

vapour pressure across the membrane is the driving force for evaporation of water through 

the membrane. The relationship between the water temperature (Tw) and pure water partial 

vapour (p0
w) pressure can be explained given by the Antoine equation (equation 1 chapter II) 
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Figure III.20 shows the evolution of the water vapour pressure at various feed temperature 

values according to the Antoine equation.  

 

Figure III.20: Evolution of the water vapour pressure with the feed temperatures 

(Tw: 25-60 °C; qw= 34 Lh-1 (Rewater =163); qair: 60 Lh-1 (Reair =1092); Tair: 20 ± 2 °C; Pair: 

atmospheric; standard deviation of evaporation flux =±0.01 kg h−1m−2). 

 

With increase in feed temperature, the partial vapour pressure thus increases on the feed side. 

This in turn causes an increase in driving force and hence mass transfer is increased nearly 

exponentially. This is evident in both graphs in Figure III.21 and III.22 where the flux value 

at 60 °C doubles the one at 25 °C, under both air flow regimes with highest achieved flux of 

0.20 kg h-1m-2 at 60 °C at Reair=2458. 

 

In Figure III.21 it can be noticed that the water vapour flux increases continuously with the 

feed temperature at constant flow of sweep gas (60 Lh-1). We can also observe that the 

gradient increases at the same time which is evident from increase in values of difference in 

water vapour pressure across the membrane (on the right Y-axis). This is in accordance to the 

Antoine equation. In those operational conditions, we can neglect all other aspects of the 
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transfer like the polarization effects or the influence of the membrane structure on the 

diffusion. 

 
Figure III.21:  Variation in water evaporation flux as a function of feed temperature 

(qair: 60 Lh-1(Reair : 1092); qw: 34 Lh-1(Rewater : 163); Tair: 20±2 °C; Pair: atmospheric;standard 

deviation of evaporation flux =±0.01 kgh−1m−2). 

 

Under the highest air flow tested (Figure III.22, Reair=2458), the rate of increase in flux is 

negligible beyond a feed temperature of 50 °C. The flux value increases from 0.19-0.2 kg h-
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seen at lower temperatures (20-40 °C). The reason behind this could be that the water vapour 
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side Reynolds number of 2458, a flux of 0.15 kg h-1m-2 can be achieved, as seen in Figure 

III.22.  

 

Figure III.22: Variation in water evaporation flux with increasing feed temperature  

(qair: 135 Lh-1(Reair =2458); qw: 34 Lh-1(Rewater =163); Tair: 20±2 °C; Pair: 

atmospheric;standard deviation of evaporation flux =±0.01 kg h−1m−2). 

 

Fluxes reported in this study are very low compared to previous studies on SGMD which 

ranged between 3.24-3.96 kg h-1m-2 [28] for feed temperatures between 50-70 °C. But yet 

again, there exist difference is in terms of membranes employed. In the research above [28]  

membranes used had a porosity of 80% and higher intrusion pressure values (1.37-2.81kPa) 

by virtue of smaller pore diameters (0.2 µm). Nevertheless, comparing the performance of 

our membrane with similar class of membranes (metallic), the fluxes reported in Figure III.22 
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a membrane of 29% porosity. 
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operating conditions. However, it seems that the membrane could be the limiting resistance in 

the mass transfer, so the experimental and theoretical values of membrane permeability were 

calculated and compared. The experimental membrane permeability value was obtained by 

dividing the experimental water evaporation flux (Jw)by the vapour partial pressure difference 

(ΔP) across the membrane for all the experiments using equation  

w
m

J
k

P

              

(2) 

Membrane permeability values in the range of 2.22 to 2.48*10-7 kg h-1m-2Pa-1 were obtained 

for various experiments carried out at feed temperatures ranging between 25-60 °C. The 

theoretical value of permeability (km) was calculated based on membrane structural 

parameters as per equation  
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where ε, τ and δ are membrane porosity, tortuosity and thickness respectively, PT is total air 

pressure, pair is logarithmic mean of the air partial pressure,
0

,airwD  is molecular diffusion 

coefficient of water vapour in air. The value thus calculated was equal to 2*10-6  kg h-1m-2Pa-

1. The difference between the values obtained could be because of approximations of 

tortuosity made (τ=1), which in reality may not be true. However, what is important to realize 

here is that, membrane permeability is directly proportional to the porosity and inversely 

proportional to the membrane thickness. Thicker membranes can thus lower the mass flux 

and higher porosities favor higher fluxes. Therefore, fine-tuning membrane fabrication 

process in terms of increasing membrane porosity and reducing wall thickness may help to 

improve performances even more. 

 

III.3.2.2. c   Membrane heating and subsequent effects on water evaporation flux 

During the course of evaporation of water across the membrane, there is a local decrease in 

temperature of the feed solution near the liquid/membrane interface. This phenomenon is 

called temperature polarization and it induces thermal boundary layers across the membrane 

which negatively affects the driving force for mass transfer. In membrane distillation 

processes, a commonly used approach to enhance the evaporation flux is heating of the feed. 

However, there are certain drawbacks associated with this approach. Firstly, the process of 

heating the feed requires a high energy supply. Secondly, there could be quality losses and 

formation of unfavorable compounds (in the case of fruit juice concentration) limiting the use 
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of this approach to non-thermally sensitive feed solutions only. Thirdly, there is a decrease in 

temperature of the feed near the membrane surface which is called temperature polarization. 

In addition, there is also a decrease of temperature along the membrane length. 

The most common approach is to increase feed flow to turbulent regime. However in such 

case the membrane intrusion pressure acts as limiting factor and also an increased risk of 

membrane wetting exists. Hence, an alternative approach to address temperature polarization 

has been defined. This method involves choosing metallic membranes which will enable 

heating of the membrane instead of the feed. There are many advantage of this approach. 

Firstly, it allows bringing energy directly to the membrane, so there is no heating of the feed 

and consequentially no loss of feed quality. Secondly, less energy intensive ways can be used 

to supply energy just appropriate to compensate the heat loss caused during the evaporation 

of water. Thirdly we can limit the temperature polarization and the temperature decrease 

alongside the membrane. The process is localized to the membrane surface and the flux 

decline can thus be avoided during the course of experiment. Using this approach, Hengl et 

al. [37] developed a membrane evaporator wherein they were capable of improving the 

evaporation flux of pure water by means of heating the metallic flat sheet membranes using 

infrared lamp and eventually employing the Joule effect [42]. 

In this thesis, two advantages are combined into one process. First, the hollow fiber 

configuration gives a high surface area per volume, hence creating a higher packing density 

in the module. Second, the distinct property of electrical conductivity of stainless-steel 

membranes is used, which enables heating the membrane using electricity. Moreover, with 

infrared lamps as heat source, the precise control of the energy supplied to the membrane is 

difficult. The following section describes the process of imparting heat to the metallic hollow 

fiber module by means of an electrical supply in a controlled and systematic manner and 

describes the eventual effects on the water evaporation flux.   

Preliminary experiments were carried out by electrically heating a 2% PDMS coated metallic 

hollow fiber membranes with circulation of pure water (Rewater=145) and with a constant flow 

of sweep gas (Reair=1092). During the experiment, the applied current and the feed 

temperatures were varied. The maximum set value for the feed temperature was 40 °C, 

keeping in mind that the process is being developed for thermally sensitive solutions. In 

Figure III.23 we present comparison of the water evaporation fluxes obtained with and 

without electrical heating. At a feed temperature of 25 °C (Figure III.23A), the water 

evaporation flux increased from 0.059 kg h-1m-2 (at I=0) to 0.075 and 0,083 kg h-1m-2 at an 

electrical current of 2.3 and 3.1A respectively. These values correspond to flux enhancement 
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factors of 1.25 and 1.4, confirming improved water evaporation rates after membrane heating. 

The flux enhancement factor was calculated by the ratio of improved flux after applying 

electricity to the initial flux (without current).   

 

Figure III.23: Effect of membrane heating on water evaporation fluxes at feed temperatures 

of 25 °C (A) and 40 °C (B). 

(qair: 60 Lh-1(Reair =1092); qw: 34 Lh-1(Rewater =163); Tair: 20±2°C; Pair: atmospheric;standard 

deviation of evaporation flux =±0.01 kg h−1m−2). 
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enhancement of 1.1. It is clear from the above results that the effect of evaporation by 

membrane heating is more pronounced at low feed temperatures than at high feed 

temperatures.  

Furthermore it is important to state that when the electrical power was shut off, decline in 

flux values were observed. The decrease was more rapid when the applied power was lower 

(I=2A) whereas at I=3A the flux remained stable at the highest achieved value for a duration 

of about 30 minutes even after shutting off the power, then declined quickly. This testifies the 

fact that we were able to really heat the membranes and supply energy that was necessary to 

compensate the loss of flux caused by temperature polarization. 

Another factor which needs to be studied during these experiments is the effect of membrane 

heating on the feed temperature. To verify that the energy supplied by the Joule effect does 

not result in heating of the feed solution, the average water temperature at the outlet of the 

membrane module was measured in the various tests carried out with and without electrical 

input. The obtained values are mentioned in Table III.8.  

 

Table III.8: Water temperature at the outlet of membrane module when tested with and 

without Joule heating (Feed: pure water; Rewater = 163; Reair = 1092; Pair =atmospheric;  

Tair = 25±2 °C) 

Temperature of the feed solution at the module entrance (°C) 25.6 40.5 

Heating system  Off On Off On 

Temperature of the feed solution at the module exit  (°C) 25.6 26 40.5 40.9 

    Accuracy of sensors: ± 0.3 ° C 

 

These data show that when the heating system is working, a very slight increase in 

temperature at the outlet of the membrane module is detected for each value of temperature 

input tested. There is thus no apparent warming of the entire feed solution. The energy input 

is limited mostly to the temperature polarization layer.  

In conclusion, it appears that the Joule effect heating is efficient in bringing energy needed 

for evaporation right at the membrane pores. Moreover, because of its simplicity of 

implementation, it could be easily adapted for a hollow fiber configuration. The obtained 

increase in flux is promising and presents scope for testing the process with thermally 

sensitive solutions, for example enzyme solutions.  
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III.3.3 SGMD performances with sucrose solutions 

 

After having carried out a systematic study of pure water evaporation with hydrophobic 

metallic hollow fibers and understanding various parameters which affect the water 

evaporation flux, the next stage was to test the membranes in real applications. To do this, 

sucrose solutions of various concentrations (50-600 gL-1) in milliQ water were used, 

corresponding to value of 4.3-49.3 °Brix as a model of a fruit juice. Experiments were carried 

out at fixed feed flow rate with reynold’s number on the feed side varying from 135-15 for 

sucrose concentrations 50-600 gL-1 respectively. Sweep gas was maintained constant flow of 

135 Lh-1 (Reair=2458) and at atmospheric pressure. The highest possible air flow was chosen 

to avoid air side boundary layer resistance. Two important parameters were studied in this 

case, namely the effect of sucrose concentration and of feed temperature on the evaporation 

flux of water. 
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III.3.3.a   Effect of initial sucrose concentration 

The temperature of the sucrose solutions was maintained constant at 25 °C. The experimental 

results together with the theoretical values of the water evaporation fluxes are shown in 

Figure III.24. The experimental water evaporation flux reduces only slightly at low sucrose 

concentration (50-300 gL-1). However, at sucrose concentrations above 300 gL-1 the flux 

declines by about 24% of its original value at 50 gL-1 sucrose concentration.  

 

Figure III.24: Effect of sucrose concentration on water evaporation flux and a comparison 

with pure water flux (qfeed: 34 Lh-1(Refeed-135-15 for 50-600  gL-1 of sucrose); qair: 135 Lh-

1(Reair-2458); Tfeed=25 °C; Tair: 20±2 °C; Pair: atmospheric; standard deviation of evaporation 

flux =±0.01 kgh−1m−2). 
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pure water evaporation fluxes at very low sucrose concentration. However, the flux values 
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considering the water activity. Water activity in a solution decreases with introduction of 

solute molecules; in this case sucrose. For a change in sucrose concentration from 50-600 gL-

1, water activity decreases from 0.99 to 0.71, as predicted by the Norrish equation (equation 6 

chapter II) in turn decreasing the vapour partial pressure in the feed. This affects the overall 

rate of water evaporation flux negatively.  

The change in water activity with increasing sucrose concentration in the feed solution was 

determined using the Norrish equation (equation 6 chapter II) [107] . The theoretical flux was 

calculated taking into account the water activity in sucrose solutions using the equation below 

(equation 4). The water flux is proportional to the water vapour pressure difference across the 

membrane induced by water activity difference and hence can be written [128] as: 

w m w vf vpJ k ( a .P P )   (4) 

where Pvf and Pvp  are the water vapour pressures at feed and permeate sides of the 

membrane. km is the overall mass transfer coefficient through the membrane and was 

calculated from the pure water  experiments as explained in section III.3.2.2. b. the value 

being in the range of  2.22 to 2.48*10-7kg h-1m-2Pa-1. 

 It is clearly noticeable from the graph (III.24) that the experimental and theoretical values of 

evaporation fluxes are in good agreement, indicating that the assumption of the effect of 

water activity on the evaporation of water from sucrose solutions holds well. This also 

supports the fact that the decline in flux is due to the water activity difference and not due to 

concentration polarization effects.  

 

III.3.3.b Effect of feed temperature 

The effect of feed temperature was studied using sucrose solutions of two concentrations 

namely 300 and 600 gL-1. The feed temperatures were varied between 25-60°C.  

The results reported in Figure III.25A and B show the evaporation flux of water at 300 and 

600 gL-1 sucrose solutions respectively being compared with the pure water flux in each case 

at three different temperatures. Since low temperature operations are preferred, it is more 

interesting to observe that the flux in the 0.06-0.09 kg h-1m-2 range was obtained at two 

different sucrose concentrations at 25 °C of the feed. With increase in feed temperature, the 

evaporation flux increases due to increase in water vapour partial pressure in the feed. Similar 

effects have been described by Alves et al. [129] in DCMD. 
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Figure III.25: Effect of feed temperature on water evaporation fluxes at: feed sucrose 

concentration of (A) 300 gL-1 (Refeed:  63) and (B) 600 gL-1 (Refeed: 15) (qw: 34 Lh-1; qair: 135 

Lh-1(Reair: 2458; Tair=20±2°C; Pair: atmospheric; standard deviation of evaporation flux: 

±0.01 kg h−1m−2). 

 

On analyzing the samples from the shell side of the module during the course of experiments 

we could observe increase in concentration of sucrose on the feed side, more evidently at 40 

0 10 20 30 40 50 60
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22
A

 

 

 Experimental flux

 Theoretical flux

 Pure water flux

W
a
te

r
 e

v
a
p

o
r
a
ti

o
n

 f
lu

x
 (

k
g
 h

-1
m

-2
)

Feed temperature (°C)

0 10 20 30 40 50 60
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

B

 

 

 Experimental flux

 Theoretical  flux

 Pure water flux

W
a
te

r
 e

v
a
p

o
r
a
ti

o
n

 f
lu

x
 (

k
g
 h

-1
m

-2
)

Feed temperature (°C)



Chapter III : Results and Discussion 

114 
 

and 60 °C. The change in concentration of sucrose solution in the module at different feed 

temperatures for 300 and 600 gL-1 sucrose solutions is mentioned in Table III.9. 

 

Table III.9: Values of sucrose concentrations (gL-1) at the start and end of experiments at 

variant feed temperatures 

Feed 

temperature 

(°C) 

300 gL-1 feed 600 gL-1 feed 

t=0 minutes t=120  minutes t=0 minutes t=120  minutes 

25 300 300 600 600 

40 300 320 600 610 

60 300 360 600 680 

 

For example at 60 °C, the sucrose concentration changed from 600 to 680 gL-1 in 2 h of 

experimentation time.  By carrying out the mass balance, it was confirmed that the water 

evaporation was solely due to membrane performance and there was no evaporation loss due 

to evaporation of water from the feed tank. It is obvious that by increasing the number of 

fibers and hence the membrane surface area, we will enhance the global evaporation rate and 

then the desired end concentration will be reached much more rapidly.   

In conclusion, an effect of the variation in water activity coefficient of the feed solution 

resulting from changes in sucrose concentration on the performance of the process has been 

demonstrated. Removal of water from concentrated sucrose solution with concentration as 

high as 600 gL-1 has been achieved without any significant loss in performance due to 

concentration polarization. Besides, it will be interesting to explore membrane heating 

instead of feed heating for sucrose solution concentration. 
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III.4 Pervaporation with metallic hollow fiber membranes 

 

Having proven the successful performance of hydrophobic stainless-steel hollow fiber 

membranes in membrane distillation process, their employability in pervaporation was 

explored. Since the hollow fibers are porous, they could be suitable candidates as 

pervaporation supports. Moreover, use of metallic membranes as support materials has never 

been reported in pervaporation. In general, only polymeric and or / ceramic materials have 

been used for such purposes [130–133]. Hence, it was interesting to design a hydrophobic 

composite hollow fiber membrane by deposition of a dense selective layer of PDMS on a 

porous stainless-steel support.  

Pervaporation involves partial vaporization of a liquid through a dense polymeric membrane. 

Pervaporation shares the common feature with membrane distillation in the aspect that there 

is a phase change (i.e. vaporization) of the permeated components during their transport 

through the membrane. This phase change is normally brought about by heating the feed. 

There have been studies reporting [134] occurrence of temperature polarization phenomena 

during pervaporation and its negative influence on pervaporation flux. Only few studies exist 

which have reported alternative approaches to supply energy necessary for evaporation 

during pervaporation. Applying microwave heating for hydrophilic pervaporation through 

PVA-PAN cross-linked membrane was reported [135], while another study reported 

pervaporation using hollow fiber membranes in the electromagnetic microwave field [136]. 

Localized membrane heating was also established by means of photo thermal heating of 

silver nanoparticles dispersed in the PDMS layer supported on PVDF [137]. In this 

perspective, using metallic membranes themselves as support could give immense 

opportunity to bring energy required for evaporation in the course of pervaporation directly 

on the membrane. This approach is both less energy intensive and is also of interest in 

applications such as recovery of valuable heat sensitive products or aroma compounds. In our 

study, we attempt to demonstrate the possibility of doing this by carrying out preliminary 

hydrophobic pervaporation experiments using ethanol-water feed. For this purpose, we 

utilized the membranes coated with the highest concentration of PDMS solution (10%, 20%) 

because these resulted in a dense layer of PDMS on the surface of the porous hollow fibers 

(see for instance section III.2.2).  
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In Table III.10, a brief overview of membranes, feed compositions and process variables 

employed in these experiments is given. 

 

Table III.10: Pervaporation experimental details  

Support membrane Round/smooth stainless-steel hollow fiber  

 

Stainless-steel support structural 

characteristics 

Porosity (%) – 38 

Wall thickness (µm) – 220-240 

O.D/I.D (mm) -1.6/1.1 

% PDMS coating 10 % (M1); 20% (M2) 

Feed composition  

(ethanol concentration in feed in wt%) 

M1 – 2,5, 10 and 20 % 

M2 –   5, 10 and 20% 

Applied current M1 – I=0 and I=4 for all feed compositions 

M2 – I=0 and I=4 for all feed compositions 

Selective layer thickness (µm) M1 : 5-6 

M2 :10-12 

 

Two sets of experiments, with and without applying electricity using both the membranes 

(M1and M2) at respective feed compositions mentioned in the table above were conducted. 

The maximum value of current used to heat the membrane was fixed to 4A, based on the 

observations made in a small test carried on the membranes (explained at the end of section 

II.7.4. b). Experiments with and without current were always conducted for the same 

duration. The experiments were conducted twice under each specified condition and the 

results were reproducible with a deviation of ±0.10 kg h-1m-2 for flux. 
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Figure III.26 presents results of the pervaporation with a 10 % PDMS coated membrane. The 

membrane performance in terms of pervaporation flux and separation factor in the absence 

and presence of electricity is compared in Figure III.26 A and B respectively. 

 

 

Figure III.26: Comparison of pervaporation performance of 10 % PDMS hollow fiber coated 

membrane without (A) and with (B) and electrical heating: (Feed: Ethanol (2-20 wt% in 

water); Tfeed: 20±2 °C; qfeed: 30 mL min-1). 
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The general trend is that with increased ethanol concentration in the feed solution, the flux 

increases and the separation factor decreases. Similar behavior was seen when experiments 

were performed with 20 % PDMS coated membrane represented in Figure III.27 A and B. 

 

 

Figure III.27: Comparison of pervaporation performance of 20 % PDMS hollow fiber coated 

membrane without (A) and with (B) electrical heating (Feed: Ethanol (2-20 wt% in water); 

Tfeed: 20±2 °C; qfeed: 30 ml.min-1). 
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Basic understanding of the mass transfer across the membrane during pervaporation by the 

solution-diffusion mechanism offers an explanation for these trends observed with both the 

membranes. During pervaporation, selective sorption of ethanol to the PDMS layer happens 

because of its higher affinity towards PDMS. In the next stage, ethanol molecules selectively 

diffuse towards the permeate side where they are eventually desorbed in vapour form. 

Affinity between water and the selective layer is lower owing to the hydrophobicity of 

PDMS. When the ethanol concentration in the feed increases, the overall sorption of ethanol 

into PDMS also increases, resulting in swelling of the PDMS network. The reduced transport 

resistance because of the swollen selective layer causes an increased flux. The decline in 

selectivity can be explained by thermodynamic interactions between the components of a 

liquid mixture [2]. According to this principle, the membrane becomes accessible for another 

component (in this case water) which otherwise has lower permeability in PDMS, because of 

increased interaction of ethanol with PDMS and its resulting swelling. This explains the 

decreased separation factor with increasing ethanol concentration.  

M2 membranes yielded lower fluxes than the M1 membranes for experiments with and 

without electricity. This is due to the higher thickness of selective PDMS layer in the case of 

M2 which was about 10-12 µm; whereas for M1 it as lesser about 5-6 µm. By electrical 

heating of the membrane, a very clear rise in flux was observed for both membranes. The 

highest achieved flux at maximum ethanol concentration (20 wt %) was 0.018 and 0.012 kg 

h-1m-2 for M1 and M2 respectively ,which is almost double the fluxes obtained without 

electricity.   

In terms of separation, M1 exhibited better separation factor values than M2. The highest 

separation factors obtained in this study were with M1, i.e. 6 (I=0) and 10 (I=4) for 2 wt % 

feed ethanol concentrations. The separation abilities of both membranes can be compared at 

the same feed ethanol concentration to avoid biased conclusions. For example, at a feed 

ethanol concentration of 20 wt %, the separation factors improved in the case of M2 from 1.4 

to 3 upon applying electricity to the membrane. Similarly for M1, the increase was from 2.5 

to 4 upon membrane heating. In both cases, the factors are thus almost doubled.  

The improvement of the membrane flux can be explained by the fact that, when electricity is 

applied, the metallic support heats up, supplying the required enthalpy of vaporization to the 

feed. In conventional pervaporation processes, heating the feed is commonly practiced to 

supply the enthalpy of vaporization. However, with the evaporation of the permeating 

compounds, some part of the heat present at the feed side is lost for vaporization during 



Chapter III : Results and Discussion 

120 
 

transport through the membrane, hence generating a temperature profile. The temperature is 

thus maximal in the bulk feed and lower in the selective layer and lowest in the membrane 

support. Under such circumstances, vapour recondensation can occur in the support or at the 

bottom of selective layer which would reduce the membrane flux. It is this loss of energy that 

can be made up with membrane heating. Higher temperatures can be maintained in the 

membrane and in the support, thus avoiding vapour re-condensation problems. During the 

experiment, the temperature increase on the membrane surface was monitored for 

experiments with and without electricity. It was observed that the temperature on the 

membrane surface was always between 27±2°C with electricity, with the feed maintained 

initially at temperatures of 21-22°C for all the experiments.  

The increase in separation factor upon membrane heating can be explained in terms of 

enthalpy of vaporization required to evaporate the feed components. The enthalpy of 

vaporization for ethanol is lower than that of water, which are respectively 38.6 and 40.68 KJ 

mol-1. The PDMS layer is almost saturated with ethanol due to its preferential affinity to 

ethanol than water. Thus with membrane heating, ethanol molecules are preferably 

evaporated more than water, enhancing the separation factor. 

As mentioned before, there are only few studies which adapted the approach of heating the 

membrane instead of the feed in pervaporation. Durka et al. [135] employed microwave 

heating of membranes in the dehydration of water from water-ethanol mixtures across a 

PVA-cross-linked PAN membrane. The authors reported that in the feed at 5.5 wt% water, 

the total flux was higher under microwave heating than conventional heating over the feed 

temperature range from 33.5 to 51.5 °C. At a feed temperature of 33.5 °C, which is slightly 

higher than the feed temperatures we worked at, the authors were successful in increasing the 

water flux from 0.02 to 0.04 kg h-1m-2 on replacing feed heating by membrane heating with 

microwave. Though this study concerns hydrophilic pervaporation, the principle is the same 

and so are the observations. Moreover in our study, while maintaining the feed at lower 

temperatures, we were able to obtain a flux of 0.012 kg h-1m-2 at 5 wt % ethanol 

concentration, which seems promising.  

Li et al. [137] made membranes with silver nanoparticles embedded in 20 %PDMS 

membranes supported over PVDF. Analogous to our observation, they also observed an 

increase in flux and selectivity on heating the membrane with a LED light source. The 

highest flux and selectivity under optimized feed flow rates were 160 g h -1m-2 and 3 

respectively. In our case, a separation factor of 6 was obtained under the influence of 

electricity at the same 5 wt % feed ethanol concentration. However direct comparison of flux 
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is difficult with insufficient information of selective layer thickness provided in the reference 

study.  

To summarize, the preliminary experiments provided enough supporting data to establish the 

proof of concept. Improvement in hydrophobic pervaporation performance in terms of both 

the flux and separation factor has been established. Although the flux and selectivity 

improvements obtained in this manner are lower compared to feed heating (as per literature), 

they can be further improved by working on increasing support porosity and thickness and 

they also require much less energy input. More investigations are underway to study the 

effect of varying strengths of the electric current on pervaporation performance and fine-

tuning the PDMS selective layer to achieve the best possible results. 
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Abstract 

 

A solvent-free route is presented for the fabrication of porous inorganic hollow fibers with 

high surface-area-to-volume ratio. The approach is based on bio-ionic gelation of an aqueous 

mixture of inorganic particles and sodium alginate during wet spinning. In a subsequent 

thermal treatment, the bioorganic material is removed and the inorganic particles are sintered 

together. The method is applicable to the fabrication of various inorganic fibers, including 

metals and ceramics. The route completely avoids the use of harmful organic solvents, such as 

N-methyl-2-pyrrolidone, and additives associated with the currently used fiber fabrication 

methods. In addition, it inherently avoids the manifestation of so-called macro voids and 

allows the facile incorporation of additional metal oxides in the inorganic hollow fibers. 

 

Keywords: Sodium alginate • Inorganic membranes • Hollow fibers • Solvent-free synthesis • 

Ionic crosslinking 
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IV.1 Introduction 

Organic hollow fibers provide a high surface-area-to-volume ratio [1] and have found 

application in, for instance, hemodialysis [2], filtration [3], desalination [4], high-pressure gas 

separation [5] and microfluidic devices [6]. The high surface area of the fibers results from 

their small radial dimensions, which are achieved by the dry-wet spinning method. In this 

method, a polymer solution is pressed through a spinneret and led into a coagulation bath, 

where a non-solvent causes the polymer solution to separate into a solid polymer-rich phase 

and a liquid polymer-lean phase. The dimensions and cross-sectional morphology of the 

resulting fibers can be changed via the composition of the spinning solution and the process 

conditions [7,8,9]. This method of production of organic hollow fibers via non-solvent 

induced phase separation (NIPS) is very mature, as is evident from the combined low cost and 

high quality of hemodialysis membrane modules. Over 100 million of defect-free 

hemodialysis modules are marketed annually at a selling price of ~15 $[10]. 

The application landscape of organic hollow fibers is limited by their thermo-chemical and 

mechanical stability. In this respect, inorganic materials provide superior resistance to 

abrasion and thermo-chemical degradation and allow greater usability in corrosive 

environments and under severe operating conditions [11,12,13]. In recent years, several 

inorganic hollow fibers have been synthesized, from materials including alumina [14,15], 

yttria-stabilized zirconia [16], stainless steel[17], nickel [18] and perovskites [19]. All these 

fibers have been prepared via a two-step approach. The first step is similar to that of the 

production of organic hollow fibers and entails dry-wet spinning of a particle-loaded polymer 

solution. In the second step, the organic polymer is burned out and the inorganic particles are 

sintered together. Recipes for the particle-loaded spinning solutions have been inspired by the 

wealth of knowledge that exists for dry-wet spinning of organic fibers. An example of a 

typical solution in which the inorganic material is dispersed is polyethersulfone dissolved in 

N-methyl-2-pyrrolidone. Polyethersulfone is an easily available and relatively cheap polymer 

that allows the use of water as a non-solvent to induce phase separation. The decomposition 

temperature of polyethersulfone is sufficiently high to allow some necking of the inorganic 

particles before the polymer is removed. Other polymers are used as well but all require the 

use of an organic solvent. Particularly suitable are aprotic solvents, such as dimethyl 

formamide, N-methyl-2-pyrrolidone and dimethyl acetamide. These solvents dissolve a wide 
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variety of polymers and their spinning solutions readily coagulate upon contact with water.  

Yet, many of these solvents are toxic, hazardous, or environmentally malignant.  

In this communication, we present an alternative approach for the synthesis of inorganic 

hollow fibers. This novel method is based on ionic crosslinking of a biopolymer, here referred 

to as bio-ionic gelation. The biopolymer is sodium alginate, the sodium salt of the 

polysaccharide alginic acid that is produced by brown algae and bacteria. It is a linear, 

unbranched block copolymer consisting of two C-5 epimeruronic acids: 1,4-(b-D)-

mannuronic acid (M) and 1,4-(a-L)-guluronic acid (G). When the sodium ions in the polymer 

are replaced by di- or trivalent cations, the water-soluble alginate forms a stable, water 

insoluble, three-dimensional gel network [20].  The gel formation involves interaction 

between the cations and consecutive guluronate residues. Sodium alginates find application in 

cellular and enzyme encapsulation, photocatalyst immobilization [21], food industries [22] 

and drug delivery [23]. 

Bio-ionic gelation has several benefits over NIPS. Firstly, the biopolymer that is used is water 

soluble, which avoids the use of undesirable organic solvents. Secondly, the viscosity of the 

spinning solution can be directly regulated via the concentration of the biopolymer, which 

makes the need for rheology-modifying additives, such as polyvinylpyrrolidone, superfluous. 

Thirdly, the bio-ionic gelation requires less polymer in comparison with the NIPS process. 

Consequently, the resulting fibers contain less organic material, facilitating a more effective 

thermal treatment. Fourthly, bio-ionic gelation inherently circumvents the creation of so-

called macro voids in the hollow fiber structure. In NIPS, such macro voids result from the 

entrapment of the polymer-lean phase in the fiber during the exchange of non-solvent and 

solvent. The presence of macro voids is often considered to cause a reduced mechanical 

strength of the fibers. In bio-ionic gelation, there is no creation of a new phase and 

consequently a macro void free structure is obtained. In this chapter we discuss the methods 

to fabricate inorganic (stainless-steel and alumina) hollow fiber membranes based on the bio-

ionic gelation principle. Structural characterization of these fibers and potential applications 

are discussed. 
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IV.2 Experimental 

 

IV.2.1 Materials 

AKP 30 α – alumina powder (mean particle size of 0.3 µm) was purchased from Sumitomo 

Chemicals Co LTD (Japan), alginic acid sodium salt (A2033) and calcium chloride (C1016) 

were purchased from Sigma-Aldrich.  Stainless steel powder (316L) with a mean particle size 

of 4.17µm was purchased from Epson Atmix Corporation (Japan). Water was deionized to 

18.2 MΩcm−1 using a Milli-Q Advantage A10 system (Millipore). Iron (III) nitrate 

nanohydrate, magnesium nitrate hexahydrate and chromium nitrate nanohydrate were 

purchased from Sigma-Aldrich; cobalt nitrate hexahydrate was from obtained from Merck. 

All the chemicals were used without any further treatment. 

 

IV.2.2  Preparation of spinning mixtures 

Inorganic particles were added to deionized water and the mixture was treated ultrasonically 

for 30 minutes to break agglomerates of inorganic particles. Sodium alginate powder was 

added under stirring in three steps, followed by overnight stirring. A small portion of the 

mixtures was used ‘as is’ for viscosity measurements. Prior to spinning, mixtures were 

transferred to a stainless steel vessel, degassed by applying vacuum (30 minutes) and left 

overnight. Table IV.1 shows the spinning mixture compositions used in the study. 

 

Table IV.1: Composition of spinning mixtures 

Spinning 

dope 

Material Sodium 

alginate 

(wt%) 

Water 

(wt%) 

Inorganic 

particles 

(wt%) 

Final concentration of 

particles in green hollow 

fiber (vol. %) 

A1 Alumina 5 92.5 2.5 17 

A2 Alumina 5 87.5 7.5 38 

A3 Alumina 5 82.5 12.5 50 

A4 Alumina 5 67 28 70 

S1 Stainless 

steel 

5 90.5 4.5 17 

S2 Stainless 

steel 

5 81.5 13.5 38 

S3 Stainless 

steel 

5 72 23 50 
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IV.2.3 Viscosity Measurements 

 

The viscosity of the spinning mixture was measured with a Brookfield viscometer (DV-

II+Pro) at different rotational speeds (0.5-20 RPM) using spindle LV4-64 at 20±1 °C. 

 

IV.2.4 Spinning procedure 

 

The spinning vessel was pressurized (2 bar, nitrogen) and the mixture was forced through a 

spinneret with the following dimensions: outer diameter/inner diameter= 2.0/0.8 mm. A 

calcium chloride solution (10 wt%) was pumped through the bore of the spinneret at speed of 

17 ml.min-1 and calcium chloride solution of the same composition was used in the gelation 

bath. The air gap was set at 1 cm.  All the spinning experiments were carried out at ambient 

temperature (20-21 °C). NIPS fibers were prepared following the procedures and recipies of 

Luiten et al.[24]. 

 

IV.2.5 Drying and thermal treatment 

 

After spinning, the fibers were left in the gelation bath overnight, followed by a brief rinse 

with deionized water. The fibers were dried and stretched in air overnight. Alumina fibers 

were dried at 110 °C for 120 min to remove excess water (heating rate 5 °Cmin-1). Thereafter 

polymer removal and sintering was carried out at 1500 °C for 300 minutes (heating rate of 5 

°Cmin-1) and fibers were cooled down at a rate of 10 °Cmin-1. Air atmosphere was used for 

the thermal treatment steps.  

In case of stainless steel fibers, no drying step was included, but a polymer removal step was 

carried out at temperature of 525 °C at a heating rate of 5 °Cmin-1 for 120 minutes, followed 

by the sintering of stainless steel particles at 1100 °C at the rate of 5 °Cmin-1 for 60 minutes, 

followed by cooling at a rate of 10 °Cmin-1. Thermal treatment of the stainless steel fibers was 

carried out in a nitrogen atmosphere to avoid oxidation. 
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IV.2.6 Studies on bio-ionic gelation of alginate fibers with various cations 

Alumina (12.5 wt%) –alginate (5 wt%) mixtures were extruded via a syringe intosolutions of 

various cationic salts namely, calcium chloride, calcium nitrate, ferric  nitrate, cobalt nitrate  

and chromium nitrate. 10 wt% concentration of  salt solution was used for all the experiments 

to induce gelation. The fibers formed after bio-ionic gelation were dried in air and sintered 

using the earlier described sintering program for alumina fibers.  

 

IV.2.7 Characterization 

Scanning Electron Microscopy (SEM):  The morphology and microstructure of the hollow 

fiber membranes before and after sintering was observed with SEM(JEOL JSM 5600LV).  

X-ray photoelectron spectroscopy: Alumina (50 vol.%)  fibers formed by gelation in various 

salt solution baths and their sintered forms were analyzed using X-ray photoelectron 

spectroscopy (Quantera SXM (scanning XPS microprobe from Physical Electronics)) to 

detect the presence of the respective cations. 

 

Thermo Gravimetric Analysis was used to characterize the weight loss of pure sodium 

alginate powder during heat treatment. The spectrum was recorded on a Netzsch STA 449 F3 

in air atmosphere at a heating rate of 10 °Cmin-1, over temperature range of 0-1500 °C with an 

isotherm at 1500 °C for 30 minutes.  

 

Pore size determination: The pore size of the alumina fibers was determined using mercury 

intrusion porosimetry (Quantachrome Pore master PM33). Sintered fibers were broken into 2 

cm pieces and degassed prior to measurement. 

 

Permeation measurements:  Water and nitrogen flux measurements were performed in dead-

end mode with atmospheric pressure at the permeate side. Measurements were performed at 

room temperature. Fibers were potted in a module and closed on one side with Araldite ®.The 

flow was determined using a balance (water) or a soap film flow meter (nitrogen). For the 

flow-to-flux conversion, the fiber diameter was determined per batch using SEM, and 

considered to be representative for the whole batch. 

Color space analysis of alumina fibers: To gain better insight into colour change of alumina 

fibers extruded in to various salt solutions, pre- and post-sintering color analysis was carried 

out. A photograph of each fiber was captured with a Canon Power Shot A530. The 



Chapter IV: Synthesis of porous inorganic hollow fibers without harmful solvents 

131 
 

photograph was cropped to a 15 × 15 pixel spot on the membrane. Using Matlab (version 

R2013a, Math works), RGBcolor data was extracted from the photograph and converted to 

L*a*b*color space (applying the makecform (‘srgb2lab’) and applycformcommands), after 

which the L*a*b* colors were averaged over theselected area. The color was compared to 

white (L* = 100, a* = 0, b* = 0) by taking the Euclidian distance between white and the 

measuredcolor.  

 

Filtration experiments: To prove that the fibers have potential in microfiltration, a dead-end 

filtration experiment (Figure IV.7a) was performed with an alumina fiber, using an aqueous 

solution of AKP-30 particles (0.1 wt%) with 0.05 M HNO3. Particle size distribution of 

permeate and feed were obtained with Dynamic Light Scattering to assess the membrane 

performance. 

 

IV.3 Results and discussion 

Knowing the viscosity of sodium alginate was important to decide the concentration of 

polymer that can be used in spinning suspension. The pure sodium alginate solutions and 

particle loaded mixtures of sodium alginate showed a shear thinning behaviour. As shown in 

figure 1a, the viscosity of pure alginate solution increased with increase in its concentration in 

water.  

 
 

 

Figure IV.1: Viscosity of spinning mixtures: (a) Sodium alginate solutions in water without 

any inorganic particles; (b) sodium alginate (5 wt %) with different loading of stainless steel 

(SS) and alumina as a function of shear rate (RPM). 
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The viscosity increases almost threefold rapidly when the concentration is increased from 5 to 

6 wt%. This increase can be attributed to the ability of alginates to form highly compact gel 

above a critical concentration. Based on this observation 5 % sodium alginate solution has 

been chosen as ideal to prepare spinning mixtures loaded with inorganic particles.  From 

Figure 1b it is evident that the viscosity increases with addition of alumina particles at 

constant concentration of sodium alginate (5 wt%).The viscosity of the mixture with 28 wt% 

alumina is too high to measure with the same spindle and viscometer used in this study.  

The TGA-DTA results for sodium alginate heated under air atmosphere are shown in Figure 

IV.2. The sodium alginate powder decomposes in different stages. 

 

Figure IV.2: Thermogravimetric analysis of sodium alginate. 

 

The first stage, up to 200 °C, is most likely the desorption of water, because of its 

endothermic nature. The first degradation step occurs at 200 °C, and is followed by a second 

degradation step at 340 °C. Both mass losses take place rapidly, in a single, pronounced mass 

loss step. Both steps are associated with exothermic processes, and especially the second step 

is highly exothermic. No strong mass losses occur up to 800 °C, where a broad mass loss step 

is probably the result of the burning out of tars and residual carbon.  At 1400 °C, the sodium 

alginates have lost nearly all their mass, probably except for a small portion of sodium that 
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remains present in the form of sodium oxide. The low final mass indicates that (nearly) no 

carbon will remain after the sintering of the alginates at 1400 °C in air. 

Scanning Electron Micrographs (SEM) elucidate the morphology of stainless steel particle 

loaded fibers that have been prepared by bio-ionic gelation and NIPS prior to sintering 

(Figure IV.3). The images clearly show the entrapped stainless-steel particles in the polymer 

matrix, appearing as bright spots in the contrasting polymer materials.  

 

Figure IV.3:Backscattering SEM images of polymer hollow fiber loaded with stainless steel 

particles, prior to thermal treatment; obtained via phase separation (left); obtained via bio-

ionic gelation (right); close up of fiber made by dry-wet spinning (bottom). 

 

The fiber prepared via NIPS (left in Figure IV.3) possesses a cross-sectional morphology with 

distinct macro voids, whereas the fiber prepared via bio-ionic crosslinking (right in Figure 

IV.3) exhibits a more homogeneous cross section. 

The feasibility of the continuous fabrication of hollow fibers by wet spinning with bio-ionic 

gelation is further demonstrated in Figure IV.4 which presents fibers spun with an aqueous 

sodium alginate solution containing stainless-steel particles (top panels in Figure IV.4) and 

alumina particles (bottom panels in Figure IV.4).Details of the spinning solution compositions 

are provided in the Table 1. For both types of particles, a round fiber with uniform cross-

sectional morphology and an open lumen is obtained. The alumina fiber has a larger diameter 

and a larger wall thickness in comparison with the stainless-steel fiber. 
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Figure IV.4: SEM micrographs of hollow fibers obtained via bio-ionic gelation; prior to 

thermal treatment and sintered with 50 vol. % inorganic particle loading of stainless-steel 

particles (top panel) and; alumina particles (bottom panel). 

 

These differences in fiber dimensions are due to the differences in rheology of the two 

spinning solutions that are caused by the different particle sizes. The alumina particles are 

smaller, which results in a higher viscosity and a more pronounced shear-thinning behavior of 

the spinning solution (Figure IV.1). For both materials, the fiber geometry persists during 

thermal treatment (to the right in Figure IV.4), except for a reduction in fiber diameter and in 

wall thickness due to polymer burnout. These observations demonstrate the feasibility to 

produce a variety of inorganic hollow fibers via wet spinning and bio-ionic gelation. 

However, only in case of the fibers spun with dope A1, the fibers collapsed during sintering 

owing to the very low concentration of alumina particles. The fibers were broken into small 

pieces during heat treatment as there were not enough particles to hold the structure together 

although the spinning process was continuous indicating loss in structure was not due to the 

method used to make the fibers but the amount of inorganic particles loaded.  

The fluxes of liquid water and nitrogen gas through various alumina fibers are presented in 

Figure IV.5.  
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Figure IV.5: Nitrogen gas flux and liquid water flux versus transmembrane pressure 

difference, at 25 ºC. Different symbols indicate different fibers, obtained from two different 

batches that were prepared in an identical manner. 

 

The fluxes show linear trends with the inside-out pressure difference over the fiber wall. The 

water flux is measured up to a pressure difference of 20 bar. This substantiates that the fibers 

can have sufficient strength to withstand this measured pressure difference. The linear trend 

indicates that in this pressure range the fibers do not suffer severely from mechanical 

deformation. The variations in flux, when comparing different fibers, can presumably be 

attributed to lateral variations in the shape and the inside and outside diameters of the fibers. 

Figure IV.6 shows the differential intrusion volume as function of the pore diameter for two 

alumina fibers; one was prepared via NIPS and one was prepared via bio-ionic crosslinking. 

Both fibers show a similar pore size distribution with the majority of the pores in the 200-300 

nm range. Fibers prepared using bio-ionic crosslinking showed a lower pore volume, and 

hence a lower porosity, as compared to the fiber that was prepared via NIPS. The difference 

may originate from the more homogeneous fiber morphology that is inherent to the bio-ionic 

gelation procedure.    
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Figure IV.6: Differential intrusion volume for sintered alumina fibers measured using 

mercury intrusion porosimetry. 

 

Potential applications of the inorganic fibers include (electro)catalysis, microfluidic devices, 

and membrane separations. For the last application field the fibers can serve either as support 

for a thin selective film, or for microfiltration of fluids. Figure IV.7 shows results of a dead-

end filtration experiment (Figure IV.7a) performed with an alumina fiber. Figure IV.7b shows 

a photograph of the feed (left vial) and a photograph of the permeate (right vial).  The reduced 

turbidity of the permeate solution implies that particles have been retained by the fiber. 
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Figure IV.7: a) simple set-up for dead-end filtration, b) photographs of feed and permeate, c) 

particle size distribution of permeate and feed obtained with Dynamic Light Scattering. 

 

The particle size distributions of the two solutions are given in Figure IV.7c. The results 

demonstrate that the fiber is able to sieve the particles larger than ~ 100 nm.  The size of the 

particles that can be separated by sieving is directly related to the pore size of the fibers 

(Figure IV.6), which in turn is directly determined by the size of the inorganic particles used 

in the fiber synthesis.  

Bio-ionic gelation implicates the introduction of multivalent cations into the inorganic particle 

loaded biopolymer. During the burnout of the biopolymer, these cations may remain in the 

fiber, conceivably as an oxide when oxygen is present during thermal treatment. By selecting 

a cation that is associated with the inorganic particles, for instance Al3+ for alumina particles, 
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the introduction of the cation does not have implications for the final chemical composition of 

the fiber. When other cations are used for gelation, the fiber (surface) chemistry may be 

altered. Figure IV.8 shows alumina fibers obtained by bio-ionic gelation, using different 

multivalent cations.  

 

Figure IV.8: Alumina loaded alginate fibers obtained via bio-ionic gelation using various 

cations, before and after thermal treatment (left and right fibers of pairs, respectively). From 

left to right: calcium chloride, calcium nitrate, ferric nitrate, cobalt nitrate and chromium 

nitrate. The insets show XPS spectra. 

 

The different colors of the fibers indicate the presence of the different cations. Before thermal 

treatment the color of the fiber resembles that of the ionic solution used for the gelation. A 

solution of CaCl2 or Ca(NO3)2 is colorless and the oxide of calcium is white. Before and after 

sintering the presence of calcium will not be apparent from the color of the fiber, but is 

confirmed by X-ray Photoelectron Spectroscopy (XPS). For the other fibers colorization 

persists upon thermal treatment, indicating that cations remain in the fibers. The color changes 

of the fibers made with cobalt and chromium are manifestations of the change in the oxidation 

state of these cations. The XPS inserts of the fiber outer surface confirm that cobalt and 

chromium are indeed present before and after sintering. These results demonstrate that our 

method allows facile alteration of the surface chemistry of the hollow fibers via the 

introduction of various elements in the bio-ionic gelation process. 

Results from color space analysis further elucidated the colour change of alumina fibers 

extruded in to various salt solutions, pre- and post-sintering. The results of the color analysis 

(Figure IV.9a and b) confirm the strong influence of the cation on the fiber color. A strong 
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change in color is recorded for the cobalt and chromium cations, which change oxidation state 

on sintering and therefore show a pronounced shift in color. For the calcium and the iron 

cations, no change in oxidation state is seen, as the color change between the before and after 

sintered samples is minimal.   

 

Figure IV.9: Results of the color analysis of the alumina-sodium alginate fibers cross-linked 

with different multivalent cationic solutions. The left figure shows the color distance to white 

fibers, and the right figure indicates the color distance between the green and the sintered 

fibers. ΔE is the Euclidian distance in L*a*b* color space. 

 

IV.4 Conclusion 

 

In conclusion, we demonstrate an organic solvent-free method for the fabrication of inorganic 

porous hollow fibers based on the gelation of a biopolymer. This approach is simple and 

suitable to fabricate ceramic and metallic hollow fibers and can be extended to different 

inorganic materials without extensive alterations. In case of stainless-steel particles being 

used to make membranes by this route the residual carbon content in the membranes is a 

concern. However this could be overcome by regulating polymer to inorganic particle ratio in 

the spinning suspension trying to reduce polymer loading and or / by optimizing sintering 

conditions mainly the polymer removal stage.  The possible application of these membranes 

was indicated in this work with help of preliminary microfiltration experiments. The alumina 

hollow fibers possess a pore size in the range of 200-300 nm and also exhibited structural 

stability until a pressure differential of 20 bar.  This suggests the fibers can be a suitable 

membrane support in membrane applications such as solvent resistant nanofiltration.   
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General conclusions 

In this thesis, four different stages were presented that were all part of the development of a 

new membrane based process, as schematically shown in Figure V.1. The different stages 

were linked to material science, surface chemistry, analytical science and process engineering 

respectively.  

 

Figure V.1: Various stages in the development of a metallic hollow fiber membrane module 

 

In the first stage, materials and conditions were validated for the successful production of 

stainless-steel hollow fiber membranes via the non-solvent induced phase separation method. 

PEI showed superior behavior over PES and the heat treatment steps to produce stainless-

steel fibers with lower carbon content (3-4%) were fine-tuned. By optimizing spinning 

conditions, hollow fibers satisfying the morphological features needed for the envisaged end-
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application were obtained. Hollow fibers with uniform wall thickness, reasonable porosity 

and ideal average pore size suitable for membrane distillation (MD) were thus fabricated. 

Besides, metallic membranes with a new geometry having microstructured outer surfaces 

were designed aiming at further increasing the useful area for mass transfer. The structured 

fiber development will have to be further optimized to be considered for further application 

for any membrane application. 

 

Furthermore, a porous inorganic hollow fibers synthesized via a route free of harmful 

solvents was developed during this thesis. The approach was based on bio-ionic gelation of 

an aqueous mixture of inorganic particles and sodium alginate during wet spinning. In a 

subsequent thermal treatment, the bio-organic material was removed and the inorganic 

particles sintered together. Stainless-steel and alumina hollow fibers were fabricated using 

this approach and the method proved to have great potential to be applied to other inorganic 

materials too. With further fine tuning of the membrane porosity and pore size, membranes 

suitable for MD distillation could be developed.   

 

A suitable method was then developed to alter the surface properties of the prepared 

round/smooth stainless-steel hollow fiber membranes in the second stage with a twofold aim. 

For MD membranes, the structural characteristics had to be preserved after the modification 

while a dense layer on top was required for pervaporation (PV). Based on these two targeted 

applications, porous hydrophobic and hydrophobic composite membranes with dense top 

layer and porous support were thus designed. While PDMS, stearic acid and HDTMS yielded 

the desired outcomes for designing MD membranes, some treatments, like for example with 

CTMS, were less effective. PDMS was found to be a versatile material to impart 

hydrophobicity to the hydrophilic supports. By controlling the cross linking time, the polymer 

concentration of the PDMS solutions and hence their viscosity, membranes for the two 

different applications could be designed. 

 

In the third stage, instrumental analyses elucidated the morphological, structural and 

chemical characteristics of the membranes produced in the first two stages. The native round 

hollow fibers had an outer diameter of 1.73 mm, wall thickness of 240-270µm, average pore 

diameter of 2-3 µm and 30-40 % porosity. Membranes modified with stearic acid, and low 

PDMS concentrations were suitable for the MD application, since they were not only 

hydrophobic but at the same time possessed pore structure similar to the native membrane. 
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HDTMS treated membranes were hydrophobic (as evidenced by the contact angle), but 

further lack of evidence for successful grafting of the silane on the stainless-steel membrane 

excluded these membranes from use in MD. Porosimetry and intrusion pressure 

measurements confirmed the suitability of PDMS and stearic acid modified membranes in 

MD. PDMS and stearic acid modified membranes presented post-modification intrusion 

pressure values of 0.35 and 0.40*105 Pa respectively. SEM and SEM-EDX confirmed that 

membranes with dense and hydrophobic top layer could be obtained with a 10 and 20 % 

PDMS coating. A 5%PDMS solution could not form a uniform coating over the support, 

leaving many surface pores open, hence making these membranes unsuitable for PV 

application.  

 

In the last stage, a transparent hollow fiber membrane module for SGMD was constructed. 

The module design enabled assembly of 25 equally spaced hollow fibers with the help of a 

specially chosen adhesive which allowed flexibility in terms of removal of and/or potting of 

membranes. Stearic acid coated membranes were initially employed for MD, but they were 

easily oxidized in presence of water, thus limiting their application in further studies. With 2 

% PDMS membranes water evaporation through the hollow fiber membrane module was 

studied with pure water and sucrose solutions as feeds at variant flow rates of sweep gas and 

feed temperature. PDMS modified membranes exhibited stable and reliable performance over 

a long period of operation of up to 150 days. The highest water evaporation flux of 0.2 kg h-

1m-2 was obtained at a feed water temperature of  60°C and sweep gas flow rate of 135 Lh-

1(Reair=2458). In experiments with sucrose solution, vaporization of water from sucrose 

solutions with concentrations as high as 600 gL-1 were successfully demonstrated without any 

significant loss in the membrane performance due to the concentration polarization. The 

decline in water evaporation flux with increasing concentration of sucrose in the feed was 

proven to be due to the water activity difference in the feed, rather than due to concentration 

polarization. By increasing the number of fibers and hence the surface area for mass transfer, 

the water evaporation rate can potentially be further enhanced and the desired sucrose 

concentration on the retentate side can be reached more rapidly. Composite hollow fiber 

membranes coated with 10 and 20 wt % PDMS were capable of selectively evaporating 

ethanol from an ethanol/water feed with a separation factor of 5.9 and 2.3 respectively at 2 

wt% ethanol concentration in the feed. A maximum permeate flux of 0.0075 kg h-1m-2 was 

obtained at a 20 wt% ethanol feed concentration with 10 wt% PDMS coated stainless-steel 

hollow fiber membranes. 



CHAPTER V. Conclusion And Perspectives 

148 
 

Finally, heat was successfully brought locally to the metallic membranes using electricity, 

based on the Joule effect. The effect of membrane heating on the water evaporation flux in 

SGMD and the permeation flux in the case of pervaporation was examined. By applying 

electricity to the membrane, water evaporation flux increased from 0.059 kg h-1m-2(at I=0) to 

0.075 and 0,083 kg h-1m-2at an electrical current of 2.3 and 3.1A respectively using a feed 

temperature of 25°C and an  air flow rate of 60 Lh-1(Reair-1092) in the case of SGMD. Similar 

effects were also observed in pervaporation where an increase in permeate flux and 

separation factor were observed. These promising results supported the idea that localized 

electrical heating of membranes can help to improve membrane performance by supplying 

the energy required for the evaporation which can thus reduce temperature polarization 

effects in these phase changing membrane processes.  

 

Future Perspectives 

 

This thesis presented experimental studies on synthesis and modification of metallic 

membranes specially designed for SGMD. Further enhancement in the membrane 

performance in terms of water evaporation flux can be brought about by working on 

improving the porosity of the stainless-steel hollow fiber membranes. Although it was proven 

that electrical heating can improve the fluxes, improving the porosity of these membranes 

alongside will be more beneficial. In addition to this, efforts can be made to fabricate thinner-

walled hollow fibers while keeping in mind not to compromise the mechanical strength of 

these fibers. Thus, a greater scope lies in further improving the preparation of the metallic 

membranes. Structured metallic fibers can also be optimized in terms of improved porosity 

and pore size and reduced wall thickness to be appropriate membranes for MD applications. 

 

The suitability of hydrophobic metallic hollow fiber membranes in the evaporation of water 

from concentrated sugar solution was successfully demonstrated. Combining this with the 

ability of membranes to be heated electrically could be more interesting. This approach can 

help to concentrate not only biological solutions, such as proteins and enzymes, but also fruit 

juices. In this manner, less energy intensive processes can be developed in which the 

membrane is heated instead of the whole feed, in addition to diminishing temperature 

polarization effects. 
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It is worth mentioning that, given the fact that the membranes are made of stainless-steel after 

4-5 months of continuous use, the fibers developed corrosion/oxidation on the surface. The 

rust was not homogeneous all along the length of the fibers but was superficially seen at 

certain spots on the fibers in the module. However, the fibers still appeared mechanically 

stable and did not break easily. Other metals, such as nickel or copper, could be considered as 

alternative membrane materials due to their better corrosion resistance compared to stainless-

steel. It was also observed that prolonged exposure to electricity of the metallic membranes 

leads to the development of a local battery effect and due to this, pronounced effects of 

corrosion were seen. Furthermore, it is difficult to work with salt solutions as feed under 

these circumstances, considering the above mentioned behavior of the stainless-steel material. 

Alternative materials, such as titanium, can thus be explored for similar purposes.  

 

Efforts can also be directed towards the use of membranes developed from biopolymer based 

ionic gelation. This method is environmentally friendly and is capable of producing 

mechanically strong and porous inorganic membranes. Though the method may not be apt for 

stainless-steel membranes due to the comparatively higher amount of carbon left in the final 

fibers, hollow fibers with other metallic materials like nickel can be produced. These 

membranes can further be optimized to suit desired membrane applications.  

 

A lot of study can still be done on modeling various aspects of the membrane structural 

parameters, the design of the module and the determination of the best possible 

hydrodynamic conditions needed to improve membrane evaporation fluxes in the hollow 

fiber module. The modeling approach will help to optimize the best membrane porosity, 

thickness and length in order to improve the evaporation flux while maintaining the 

mechanical properties. Moreover, experiments learnt that certain limitations exist on the feed 

and the air side to increase the respective flow rates beyond a certain range. Modeling studies 

using Computational Fluid Dynamics inside the module can help to define optimal fiber 

length, number of fibers and various other module design parameters which can help to 

further improve the process performance. 
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aw  water activity        (-) 

d  inner diameter of the hollow fiber    m 

D0
w,air  molecular diffusion coefficient of water vapour in air  m2s-1 

h   heattransfer coefficient      W m-2K-1 

I  current        A(ampere) 

J   permeate flux in pervaporation     kg h-1m2 

Jw  water evaporation flux     kg h-1m-2 

km  mass transfer co-efficient      kg h-1m-2Pa-1 

l  length of the hollow fiber      m 

M  molar mass       kg mol-1 

p  partial pressure      Pa 

(pair)ln  logarithmic mean of the air partial pressure   Pa 

Pc/Pint              intrusion pressure      Pa 

Pelectric  electrical power       W 

PT  total pressure       Pa 

Pv  vapour pressure       Pa 

  saturated water vapour pressure     Pa 

q  flow rate       molh-1 

rp  pore radius       m 

Qc  heat flux by conduction     Wm-2 

Qv  heat flux by vaporization      Wm-2 

R  gas constant        J mol-1K-1 

Re  Reynolds number      (-) 

T  temperature        °K 

t  time         s 

U  voltage        V 

W  permeate weight in case of pervaporation    kg 

w  total quantity of water evaporated in SGMD   kg 

Xs   mole fraction of sucrose     (-) 

Xw  mole fraction of water      (-) 

xw  mole fraction of water vapour     (-) 

y  mole fraction of water vapour in sweep gas   (-) 

 

Greek letters 

δ  membrane thickness       m 

ε  porosity        (-) 

τ  tortuosity        (-) 

ρ  density        kgm-3 

μ  viscosity       Pa.s 

θ  contact angle        °(degree) 

α  Separation factor      (-) 

Sat

wP
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π  mathematical constant (3.142)      (-) 

σ  surface tension       Nm-1 

λ  thermal conductivity       Wm-1K-1 

ΔHv   latent heat of vapourization      kJ kg-1 

ΔP  trans-membrane pressure      Pa 

 

Subscripts 

1  module entrance 

2  module exit 

d  dry gas 

f  feed 

g  gas  

l  liquid 

m  membrane 

p  permeate  

pol  polymer 

s  solid 

v  vapour 

w  water 

 

Abbreviations 

AFM  Atomic Force Microscopy 

AGMD Air Gap Membrane Distillation 

ATR  Attenuated Total Reflectance 

CTMS  Chlorotrimethylsilane 

DCMD Direct Contact Membrane Distillation 

DTA  Differential Thermal Analysis 

EDX  Energy-dispersive X-ray spectroscopy 

FAS  Fluoroalkylsilane 

FTIR  Fourier Transform Infrared spectroscopy 

HDTMS Hexadecyltrimethoxysilane 

LED  Light Emission Diode 

MD  Membrane Distillation 

ME  Membrane Evaporation 

NIPS  Non-Solvent Induced Phase Separation 

NMP  N-methylpyrrolidone 

OD  Osmotic Distillation 

OD/ID  Outer diameter/Inner diameter of the hollow fiber 

PAN  polyacrylonitrile 

PDMS  polydimethylsiloxane 

PEI  polyetherimide 

PES   polyethersulfone 

PMMA polymethyl methacrylate 

PP  polypropylene 
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PS  polystyrene 

PTFE  polytetraflouroethylene 

PVC  polyvinyl chloride 

PVDF  polyvinyllideenfluoride 

PVP  polyvinylpyrrolidone 

RGB code Red-Green-Blue color code 

RH  Relative Humidity        

RPM   Rotations per Minute   

SEM  Scanning Electron Microscopy 

SGMD  Sweep Gas Membrane Distillation 

SS  stainless-steel 

TGA  Thermo Gravimetric Analysis 

VMD  Vacuum Membrane Distillation 

vol. %   volume percentage 

wt %   weight percentage 

XPS  X-ray photoelectron spectroscopy 

 

Chemical formula 

Al2O3  Aluminiumoxide (Alumina) 

Ca(NO3)2 Calcium nitrate 

CaCl2  Calcium chloride 

CaSO4  Calcium sulfate 

Co(NO3)2 Cobalt nitrate 

Cr(NO3)3 Chromium nitrate 

Fe(NO3)2 Iron nitrate 

H202  Hydrogen peroxide 

H2SO4  Sulphuric acid 

HNO3  Nitric acid 

Cr(Cl)3  Chromium chloride 



 

 



 

 

 

 

 

 



 

 

ABSTRACT 

This thesis presents an original approach for the concentration of thermo-sensitive solutions: 

the Sweep Gas Membrane Distillation (SGMD) process. A new membrane contactor with 

metallic hollow fibers has been designed and allows the distillation process to be operational 

at low temperature. Heat is generated in the fibers by the Joule effect, rather than being 

supplied as latent heat in the liquid bulk. The localized generation of heat results in a 

reduction of temperature polarization phenomena. The stainless-steel hollow fiber 

membranes have been synthetized with appropriate structural properties and sufficient 

mechanical strength. The pore surface of the fibers has been made hydrophobic by the 

deposition of a thin layer of an elastomer. Moreover, a novel and green method is presented 

to fabricate alumina and stainless-steel hollow fibers. This method is based on ionic gelation 

of a biopolymer and completely avoids the use of harmful solvents. By a detailed 

experimental study of the SGMD the influence of different operational parameters on the 

process performance has been investigated. The improvements in the flux and the separation 

efficiency using Joule effect have been successfully demonstrated, even in the case of 

pervaporation.  

Key words: Metallic hollow fiber membrane, thermo-sensitive solutions, Joule effect, sweep 

gas membrane distillation, pervaporation. 

 

RESUME 

Cette thèse présente une approche originale du procédé de distillation membranaire avec 

balayage gazeux  pour la concentration des solutions thermosensibles (SGMD). Pour ce faire, 

un nouveau contacteur membranaire avec des fibres creuses métalliques a été conçu afin 

réaliser le procédé de distillation à basse température. La chaleur nécessaire au procédé est 

produite au niveau des fibres par effet Joule, plutôt qu’à partir de chaleur latente de la phase 

aqueuse. La génération localisée de la chaleur a comme conséquence une réduction du 

phénomène de polarisation de la température.  Des fibres creuses en acier inoxydable ont été 

synthétisées avec les propriétés structurales appropriées et une bonne résistance mécanique. 

La surface des pores des fibres a été rendue hydrophobe par le dépôt d’une fine couche d’un 

élastomère. En outre, une nouvelle méthode « verte » été développée pour fabriquer des 

fibres creuses en alumine et acier inoxydable. Cette méthode est basée sur la gélification 

ionique des bio-polymères et ne n’utilise pas des solvants nocifs. L’étude expérimentale  

détaillée du SGMD a permis de déterminer  l'influence de différents paramètres opérationnels 

sur les performances du procédé. Il a été démontré que l’effet Joule permet d'améliorer le flux 

et l’efficacité de la séparation non seulement pour le SGMD mais aussi pour la pervaporation.   

Mots clés : Fibres creuses métalliques, solutions thermosensibles, effet Joule, distillation 

membranaire, pervaporation. 

 


