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Abstract  

The aim of this thesis was to study the use of different types of fluoropolymer in order to prepare 

membranes for chemical and pharmaceutical applications. In fact, the potential use of 

fluoropolymeric membranes respect to other materials, at industrial levels, has several advantages 

such as high mechanical strength, high efficiency and stability. However, the unique properties of 

these materials such as excellent chemical and thermal strength make them extremely versatile but at 

the same time very difficult to process. As example, Ethylene-Chlorotrifluoroethylene (ECTFE) is 

insoluble in common organic solvents, and it can only be processed at high temperature, depending 

on the solvent used. 

 In this work, three types of fluoropolymers have been studied, such as low-melting ECTFE 

(Halar®LMP-ECTFE), poly(vinylidene fluoride) (PVDF grade 1015) and perfluoropolyether 

(PFPEs) (Fluorolink®AD1700 and Fluorolink®MD700). Moreover, low-toxic solvents for humans 

and the environment have been appropriately selected and used for first time for solubilising the 

fluoropolymers of interest. 

-The Halar®LMP-ECTFE polymer was studied and characterized in terms of solubility parameters, 

compared with the standard Halar® ECTFE 901 polymer. In fact, this new grade of Halar®  shows 

comparable properties with standard Halar® (hydrophobicity and mechanical properties), but lower 

crystallinity and lower melting point. Porous membranes and dense film were produced by thermally 

induced phase separation (TIPs). Two solvents, Diethyl Adipate (DEA) and Dibutyl Itaconate (DBI), 

never tested before, were selected. The chemical stability of the dense film was evaluated over time 

(192h) by swelling tests with aggressive organic solvents. Porous Halar®LMP-ECTFE membranes 

have been tested for organic solvents ultra- (UF) and nano-filtration (NF), such as methanol, ethanol 

and dimethylformamide. The results show that Halar®LMP ECTFE membranes are promising 

candidates to be used in separation processes under harsh conditions, such as chemicals production, 

purification and processing of food, nutraceuticals products and solvents recycling. 

- The influence of three different solvents in the membrane formation, using PVDF 1015 as polymer, 

was studied. Plasticizers from to Citroflex family, such as acetyl tributylcitrate (ATBC), acetyl 

triethylcitrate (ATEC) and triethylcitrate (TEC) have been selected and used. In particular ATEC and 

TEC as solvents, were used for the first time. Membranes were produced by thermally induced phase 

separation (TIPs) technique. The flat sheet membranes produced have been tested in microfiltration 

process (MF). These membranes can be used in several industrial applications such as sterilisation 

and clarification of pharmaceuticals or applied to separate contaminants from the water. 



 
 

- Perfluoropolyethers (PFPE) (Fluorolink®AD100 and Fluorolink®MD700) studied are new types 

of PFPE, UV cross-linkable. These PFPE photo-reticulated, have been used for coating commercial 

hydrophilic membrane, such as polyamide (PA) and polyethersulfone (PES) membranes. The aim of 

this work was to produce hydrophilic/hydrophobic coated membranes, keeping the morphology of 

the started membrane, unchanged. The study focused on morphological analysis, and on the influence 

of coating on the support membrane. The membranes produced, hydrophilic/hydrophobic, were 

characterized and the coating resistance was evaluated over time by direct contact with several 

chemical agents. The membranes were then tested, in membrane distillation process for direct contact 

(DCMD), using both deionized water and 0.6M saline. The results show that these coated membranes 

can be applied to desalination of seawater and wastewater treatment. 

 

 

 

 

 

 

 

 



 
 

Riassunto 

L’elaborato di tesi ha come obbiettivo lo studio di fluoropolimeri per la produzione di membrane 

adatte ad applicazioni in campo chimico e farmaceutico. L’uso di membrane fluoropolimeriche a 

livello industriale, presenterebbe diversi vantaggi quali l’elevata resistenza meccanica, l’alta 

efficienza e stabilità. Le proprietà uniche di questi materiali, quali l’inerzia, l’eccellente resistenza 

chimica e termica li rendono estremamente versatili ma nello stesso tempo molto difficili da 

processare. Molti di loro come l’etilenclorotrifluro etilene (ECTFE), sono infatti insolubili nei comuni 

solventi organici, e sono lavorabili solo ad alte temperature.  

Sono stati studiati tre diversi tipi di fluoropolimeri, quali l’ECTFE a basso punto di fusione (Halar® 

LMP-ECTFE), il polivinilidenfluoruro (PVDF grado 1015) e i perfluoropolieteri (PFPE) 

(Flurolink®AD1700 e Fluorolink®MD700). Inoltre, per la preparazione delle membrane sono stati 

selezionati e impiegati solventi, mai testati precedentemente, a ridotta tossicità per l’uomo e per 

l’ambiente.  

-Lo studio sul nuovo polimero Halar® LMP-ECTFE, con basso punto di fusione, ha previsto 

un’attenta analisi dei parametri di solubilità e un confronto con il polimero standard Halar® ECTFE 

901. Infatti la particolarità del nuovo grado di Halar®, LMP-ECTFE, è la capacità di mantenere 

inalterate le medesime proprietà dello standard Halar® ECTFE 901, quali l’idrofobicità e le proprietà 

meccaniche, ma essendo meno cristallino presenta un punto di fusione più basso, consentendo di 

solubilizzarlo a temperature più basse. Le membrane porose e il film denso, sono state prodotte 

mediante la separazione di fase indotta termicamente (TIPs). Sono stati selezionati e confrontati due 

nuovi solventi quali il Dietil Adipato (DEA) e Dibutil Itaconato (DBI). La stabilità chimica della 

membrana è stata valutata nel tempo (192h) attraverso il contatto diretto con solventi aggressivi. Le 

membrane porose di Halar®LMP-ECTFE sono state testate per la filtrazione di solventi organici, 

quali metanolo, etanolo e dimetil formammide, comunemente usati nell’industria chimica e 

farmaceutica. I risultati ottenuti hanno dimostrato che le membrane prodotte con l’Halar®LMP 

ECTFE, potrebbero essere impiegate nella separazione di composti organici, ad esempio durante la 

produzione di composti chimici e farmaceutici, nel settore petrolchimico e nel riciclo dei solventi.  

-Lo studio effettuato con il polimero PVDF 1015, è stato incentrato sull’influenza di tre diversi 

solventi nella formazione della membrana. Sono stati utilizzati plasticizzanti appartenenti alla 

famiglia dei Citroflex, quali acetil tributilcitrato (ATBC), acetil trietilcitrato (ATEC) e il trietilcitrato 

(TEC). In particolare l’ATEC e il TEC non mai stati usati precedentemente nella produzione di 

membrane mediante la separazione di fase indotta termicamente (TIPs). Le membrane piane prodotte 



 
 

sono da microfiltrazione (MF) e sono state testate per la purificazione dell’acqua. A livello industriale 

troverebbero una facile applicazione per la sterilizzazione dei farmaci o per separare i contaminanti 

dall’acqua. 

- I perfluoropolieteri (PFPE) (Fluorolink®AD100 e Fluorolink®MD700) studiati in questo lavoro di 

tesi, appartengono ad una nuova classe attivabile mediante raggi UV. Questi PFPE foto-reticolabili, 

sono stati utilizzati per il rivestimento di membrane commerciali, idrofile, come membrane in 

poliammide (PA) e in polietersulfone (PES). Lo scopo di questo lavoro, è stato quello di conferire a 

queste membrane di supporto, le proprietà dei PFPE quali l’idrofobicità, lasciando però inalterata la 

loro morfologia. Lo studio è stato incentrato sull’analisi morfologica, ovvero sull’influenza del 

rivestimento nella membrana commerciale di supporto. Le membrane prodotte, 

idrofiliche/idrofobiche sono state caratterizzate e la resistenza del rivestimento è stata valutata nel 

tempo attraverso il contatto diretto con diversi agenti chimici. Le membrane sono state quindi testate 

nel processo di distillazione a membrana per contatto diretto (DCMD), usando sia acqua deionizzata 

che soluzione salina 0.6M per la produzione di acqua ultra-pura. I risultati ottenuti confermano che 

le membrane prodotte potrebbero essere applicate per la dissalazione dell’acqua marina o per il 

trattamento di acque reflue o di scarico potenzialmente riutilizzabili in processi industriali
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Introduction  

Work objectives 

With technological advancement, membrane technology is steadily growing in various industries due 

to competitive energy prices and environmental concerns. In fact, membrane processes, lead to 

several advantages comparing with traditional processes: ease of use, low energy use, the possibility 

to operate without the addition of chemicals or additives, high ability to separate thermolabile 

compounds, excellent selectivity of specific components and environmental friendliness. One of the 

most important aspects of membranes preparation is the starting materials. Several polymers have 

been used and studied in order to prepare tailored membranes. Consequently, a strong motivation for 

improving established membrane materials and processes is driving the current research. Near to the 

research of new materials and techniques, also the attention of the impact of the solvents employed 

is ingrown. Alternative solvents suitable for green chemistry are those that have low toxicity, are easy 

to recycle, are inert and do not contaminate the product [1].  The combination of the use innovative 

materials for membrane preparation, such as fluoropolymers, and the non-toxic solvents are the main 

research studies of this PhD Thesis.  

The aim of the present work is the study of fluoropolymer materials in order to produce several 

membranes that could be applied in the major area of membranes technology. 

The research carried out in the present thesis can be summarized as follows: 

 Fluoropolymers membranes preparation via phase inversion or coating procedures using 

non-toxic solvents. 

 Characterization tests were carried out in order to study membranes structure and properties.  

 Fluoropolymers membranes have been applied in different processes in order to evaluate 

their potentiality in terms of performance such as flux and selectivity towards the species of 

interest. 

The different activity conducted in the present work are schematically presented in Figure 1. 
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Figure 1. Schematic illustration of the research carried out in the present PhD Thesis 

 

Fluoropolymers 

Fluorinated polymers are produced from alkenes in which some or all hydrogen atoms have been 

replaced by fluorine (F). These polymers constitute an interesting and unique class of material thanks 

to the presence of the strong and stable C-F bond (490 kJ/mol; for comparison: C–H 420 kJ/mol, C-

C 340 kJ/mol) [2] on the polymeric backbone. In fact, fluorine is the most abundant halogen, and is 

the most electronegative and least polarisable element. The influences of the C–F bond, make 

fluorinated polymers extremely hydrophobic with very low surface tensions, that making them liquid 
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repellent and useful as surfactants. Generally, these polymers have high thermal stability (at high and 

cryogenic temperatures), photostability, chemical and solvent resistance, properties that increases 

increasing the fluorine content. However, polymers solubility in solvents usually decreases by 

increasing the fluorine content of the molecule [3]. Based on the presence or absence of hydrogen 

atoms (-H) on the structure, fluoropolymers can be divided in perfluorinated (e.g., PTFE, PFA, FEP, 

etc.) and partially fluorinated (e.g., ECTFE, ETFE, PVDF, etc.) [2,4], Figure 2.  

 

Figure 2. E.g. of chemical structure of a) perfluorinated and b) partially fluorinated fluoropolymers 

It is possible to divide the fluoroplastics and amorphous fluoropolymers into four categories [2]: 

1. High-crystalline, non melt-processable PTFEs 

2. Semicrystalline (mp > 80°C), melt-processable fluorothermoplastics 

3. Amorphous fluoropolymers with Tg > 70°C 

4. Amorphous, curable fluoroelastomers 

 These important physical and chemical features, including excellent chemical resistance, good 

mechanical properties, good thermal stability, and ferroelectric, piezoelectric, and dielectric 

properties, which originated from the low polarity, strong electronegativity and small van der Waals 

radius, (1.32 A˚) of the fluorine atoms, have made fluoropolymers a material of choice for many 

industrial and commercial applications. 

Fluoropolymers in membranes science 

Membranes production is one of the several areas where fluoropolymers have found widespread 

application. In fact membranes applications have been used in a large variety of processes such as 

separation of industrial chemicals, water desalination, waste water treatment, removal of 

micropollutents, pharmaceutical (enzymes, antibiotics, pyrogens), removal of VOC’s, gas separation, 
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etc.. Membranes were simply defined as a selective barrier between two phases. Thanks to their 

versatility can be applied in separation, fractionation  and concentration applications [5]. For all these 

processes, the performance limits are clearly determined by the membrane itself and the choice of the 

polymer play a crucial role. Fluoropolymers, as reported above, exhibit many desirable properties for 

a much wider range of applications in membrane processes, some examples are listed in table 1. 

Table 1. Examples of typical fluoropolymer used in membrane processes 

POLYMER MEMBRANE PROCESS 

PVDF poly(vinylidene fluoride) 

Homo- and copolymer 

MF, UF, MD, PV, fuel cell, Lithium ion 

battery, tissue regeneration 

ECTFE poly(ethylene 

chlorotrifluoroethylene) 

PV, MF, UF, NF 

PTFE poly(tetrafluoroethylene) 

Homo- and copolymer  

MD, PV, MGA, Fuel cell 

*MF: Microfiltration; UF: Ultrafiltration; MD: Membrane Distillation; PV: Pervaporation; NF: Nanofiltration; 

MGA: Membrane Gas Absorption; 

Depending of the polymer workability, phase inversion, electro-spinning, sintering, stretching, track 

etching, as techniques can be applied in order to produce fluoropolymer membranes. Phase inversion 

methods is the most commonly technique used, thanks to their simplicity and flexible production 

scales [6].  The concept of phase inversion or phase separation covers a range of different techniques, 

such as vapor induced phase separation (VIPS), evaporation induced phase separation (EIPs), non-

solvent induced phase separation (NIPs) and thermally induced phase separation (TIPs) [7]. Among 

these techniques, TIPs and NIPs are the two most commonly employed methods in order to prepare 

polymeric membranes including fluoropolymer membranes. The major difference between NIPs and 

TIPS is that TIPs processes requires thermal energy to convert the solution into a two-phase mixture, 

while the one involves an exchange between solvent and non-solvent for membrane formation. 

However, the phase-separation behavior of a fluoropolymer is often complicated by its semi-

crystalline nature, in fact its show two types of phase separation processes: liquid-liquid and solid-

liquid demixing [8,9]. Furthermore, as a result of their chemical and physical stability, many 

fluoropolymers, e.g. ECTFE, show difficult processability and are insoluble in many solvents at room 

temperature. The problem of solubility has been solved increasing the temperatures of work, so is 

possible prepare membrane via TIPS process. 
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Besides these preparation techniques, the development of coated membranes represents an important 

approach to functionalise the membranes with tailored properties.  

In the present work TIPs, Dip-coating and In situ polymerization as preparation membrane techniques 

are used and below illustrated. 

The synthesis of novel fluoropolymers more processable, the choice of solvent less toxic, the 

functionalization of membranes via coating technique, represents the new way to prepare tailored 

fluoropolymers membranes. 

 TIPs 

Thermally induced phase separation technique provide that a homogeneous solution is prepared by 

dissolving the polymer in a high-boiling-point, low-molecular-weight diluent at high temperature  

(T1) and then the homogeneous solution is cooled slowly (T2) to induce phase separation [7,10]. The 

solution separates in two phases, one rich of polymer and the other poor in polymer. The polymer-

rich phase solidifies by crystallization, gelation or on passing the glass transition temperature. 

Generally, solvents used in TIPs processes are called "latent solvent", because they can work to 

compound as a solvent only at high temperatures, namely, close to the polymer melting point [11]. 

After demixing is induced, the solvent is removed by extraction using alcohol, evaporation or freeze-

drying. Polymer concentration, the selection of solvents, the cooling rate and the quenching 

conditions are important factors influencing the phase separation process and resulting morphology 

[9].  

 Solvents  

As mentioned before, fluoropolymers solubility decreases by increasing the fluorine content of the 

molecule, and usually were dissolved in a high-boiling organic solvents. Traditionally solvents used, 

are in general phthalates (dimethyl phthalate DMP, dibutyl phthalate DBP, etc.)[11,13], or N-methyl 

pyrrolidone [11], toxic, teratogenic and reprotoxic solvents. Recently, the attention of industries, from 

food and agricultural to chemical and pharmaceutical, focused towards the concepts of sustainable 

development, harmless solvents, eco-friendly production [13]. Despite membranes processes is 

described as a clean and environmentally friendly technology, often membranes, were produced using 

toxic solvents. Fortunately, the studied and the publications related to the membranes preparation 

using harmless solvents, were in exponential growth [14], table 2.  

Table 2. List of recently publication about fluoropolymers membranes preparation via TIPs method,      

using less toxic solvents 
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POLYMER SOLVENT HAZARD STATEMENTS* 

RELEVANT TOXICOLOGICAL 

INFORMATION* 

YEAR OF 

PUBBLICATION 

 

 

ECTFE 

Di-ethyl Phthalate 

(DEP) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

 

2016 [15] 

Glycerol tri-acetate 

(GTA) 

 

 

 

 

 

 

ECTFE 

 

 

Di-butyl Sebacate 

(DBS) 

H315 - Causes skin irritation 

H319 - Causes serious eye 

irritation 

H335 - Causes respiratory 

irritation 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 
 

 

 

 

 

2016 [16] 

 

 

Tri-phenyl Phosphite 

(TPP) 

H302 - Harmful if swallowed 

H315 - Causes skin irritation 

H317 - Cause an allergic skin 

reaction. 

H319 - Causes serious eye 

irritation 

H410 - Very toxic to aquatic 

life with long lasting effects 

 

Group 3: The agent (mixture or exposure 

circumstance) is not classifiable as to its 

carcinogenicity to humans 

 

 

ECTFE 

 

 

Di-ethyl Adipate 

(DEA) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

 

2016 [17] 

 

 

ECTFE 

 

 

Glycerol tri-acetate 

(GTA) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

2014 [18] 

 

 

ECTFE 

 

 

Di-ethyl Phthalate 

(DEP) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

2012 [19] 

 

 

PVDF 

 

Acetyl tri-Butyl 

Citrate (ATBC) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

2016 [20] 
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PVDF 
Rhodiasolv 

PolarClean® 

H319 – Causes serious eye 

irritation 

 

- 2016 [21] 

 

 

 

 

PVDF 

 

 

γ-Butyrolactone 

(GBL) 

H302 - Harmful if swallowed 

H318 - Causes serious eye 

damage 

H336 - May cause drowsiness 

or dizziness 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 
 

 

 

 

2015 [22] 
N-methyl Pyrrolidone 

(NMP) 

H315 – Causes skin irritation 

H319 – Causes serious eye 

irritation 

H335 – Causes respiratory 

irritation 

H360D – May damage the 

unborn child 

 

Damage to fetus possible 

 

 

PVDF 

Acetyl tri- 

Butyl Citrate(ATBC) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

 

2015 [23] 

Acetyl tri-Ethyl 

Citrate (ATEC) 

Tri-Ethyl Citrate 

(TEC) 

 

H332-Harmful if inhaled 

 

 

PVDF 

Glycol monoethyl 

Ether Acetate 

(DCAC) 

H319 – Causes serious eye 

irritation 

 
No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

2015 [24] Tri-ethyl Phosphate 

(TEP) 

H302 - Harmful if swallowed 

H319 – Causes serious eye 

irritation 

 

 

PVDF 

 

Tri-Ethylene Glycol 

di-Acetate 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

2015 [25] 

PVDF 

Di-Phenyl 

Carbonate (DPC) 

 

 

H302 - Harmful if swallowed 

 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

 

 

 

2014 [26] 
Di-Methyl Acetamide 

(DMAc) 

H360D – May damage the 

unborn child 

H312 + H332 – Harmful in 

contact with skin or if inhaled 

H319 – Causes serious eye 

May cause congenital malformation to the 

fetus, 

Presumed human reproductive toxicant 

Overexposure may cause reproductive 
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disorder(s) based on tests with laboratory 

animals 

PVDF 

 

Acetyl tri-Butyl 

Citrate (ATBC) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

2014 [27] 

2013 [28] 

PVDF 
Tri-ethyl Phosphate 

(TEP) 

H302 - Harmful if swallowed 

H319 – Causes serious eye 

irritation 

 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

2013 [29] 

PVDF 
Di-Methyl Sulfone 

(DMSO2) 

Not a hazardous substance or 

mixture according to 

Regulation (EC) 

No. 1272/2008. This substance 

is not classified as dangerous 

according to Directive 

67/548/EEC 

No component of this product present at 

levels greater than or equal to 0.1% is 

identified 

as probable or confirmed human carcinogen 

by IARC 

2013 [30] 

* Classification according to regulation (EC) no 1272/2008- http://www.sigmaaldrich.com/italy.html (accessed February 2017) 

 Functionalization of membranes   

During the last decades, membrane processes have been widely used for water treatment in different 

applications, such as desalination, micro- and -ultrafiltration, reverse osmosis, pervaporation, etc. In 

order to achieve high-performance membranes and overcome problems, several methods have been 

developed and studied for modifying and tailoring the membrane surfaces. In fact, membrane 

functionalization could be the way to minimize undesired interactions, which reduce the membranes 

performance, or for introducing additional functional groups for improving the selectivity, creating 

an entirely novel separation functional layer [31], improving chemical and thermal stability. In 

particular, coated membranes are prepared combining two or more different materials with different 

properties and they are also named (thin film-) (nano-) composite membranes. In order to produce 

hydrophobic coating on porous membranes of different configuration (flat and hollow-fiber), 

fluoropolymers can be used. In general, the preparation of these coatings can be summarized in two 

basic steps using (i) non-woven or porous membrane polymer support and (ii) deposition/coating of 

one of more functionalized materials [32]. One important advantage is that each layer can be 

optimized independently modifying the thickness, the type polymer employed both as the porous 

support and the selective barrier layer. Several techniques can be applied for preparing these tailor 

coated membranes and two main coating categories can be identified (Table 3): 1) solution coatings; 

2) polymerisation reactions. 
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Table 3. Principal coating methods 

 

 

 

 

Dip-coating 

Dip-coating technique is widely used in making composite membranes thanks to its simplicity. In 

general, the membrane is immersed in a precursor solution. After a fixed time, the membrane is 

recovered and the excesses of solution is removed and dried. It possible that after immersion the 

membrane can be exposed at UV or IR radiation if the precursor solution contained a reactive pre-

polymer (or monomer) [32]. Membranes obtained by this method present a very thin layer but often 

dense. The technique is shown schematically in Figure 3.  

 

Figure 3. Simplified scheme of solution coating by dip-coating; 

The final thickness of the coated layer can be controlled by the withdrawal speed (immersion time) 

and the polymer concentration (or pre-polymer or monomer) [33].  

COATING METHODS 

Solution coating Polymerization reactions 

Dip - coating 

Spin - coating 

Spray - coating 

Casting - coating 

Interfacial polymerization 

In situ polymerization 

Plasma polymerization 

Grafting 
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________________________ 
*Parts of this paragraph will be published in Figoli A., Ursino C., Galiano F, chap.10 “Innovative coating membranes for water treatment” in 

"Nanostructured Materials Membranes"-Pan Stanford Publishing 
 

An equation, derived by Navier-Stokes equation, can be utilized for calculating the final thickness of 

the coating layer: 

Tequ.= 
2

3
√

𝜂 𝑣

𝜌𝑔
              (1) 

Where, Tequ. is the equilibrium thickness,  dynamic viscosity, v the withdrawal speed, ρ the solution 

density and g represents the  gravity. 

 

In situ polymerization 

 

In-situ polymerization process is an easy technique where the reactive monomer (or oligomer, or 

reactive particles), is placed in direct contact on membrane, by casting or immersion, in order to   

make the polymerization directly on its surface, Figure 4. Polymerization can occur by irradiation, 

heating, organic initiator or by a catalyst presents in the initial solution. 

 

Figure 4. In-situ polymerization procedure 

Hydrophobic coating application  

Membrane materials determine the interactions of the membrane with water or other chemical 

species, thus affecting its wettability. While hydrophilic membranes are characterized by the presence 

of active groups on their surface that have the ability to form “hydrogen-bonds" with water, 

hydrophobic membranes presents the opposite response to water interaction (water repellent). The 

hydrophobic polymer/monomer can be used as coating material to improve membrane properties such 

as membrane hydrophobicity, mechanical strength and liquid entry pressure (LEP), and in case of 

fluoropolymers, to improve the chemical resistance as well [17]. 
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Thesis outline 

Within the scenario offered by the unique properties of fluoropolymer materials, this work focused 

in particular on their applications for membranes preparation and functionalization. Membranes have 

been prepared, characterized and tested in different membranes processes, such as nanofiltration NF, 

microfiltration MF and direct contact membrane distillation DCMD.   

Consequently, this thesis is split in 4 chapter:  

 Chapter 1 and 2 is focused on fluoropolymers membranes preparation via TIPs, using 

solvents less toxic that ones; 

Chapter 1 describes as a new grade of Ethylene-Chlorotrifluoroethylene, low melting point Halar® 

ECTFE (LMP ECTFE), was studied and used as polymer, for the preparation of resistant solvent flat-

sheet membranes via thermally induced phase separation (TIPs). This new grade of Halar® was 

compared with the standard Halar® ECTFE 901 polymer. Di-ethyl Adipate (DEA) and Di-butyl 

Itaconate (DBI) were selected as non-toxic solvents, on the basis of their environmental impact, high 

boiling point and solubility towards the polymer used.  Morphology of the membranes has been 

analyzed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). Dense and 

porous membranes have been obtained and characterized by contact angle, pore size and porosity 

tests, too. Porous membranes shown asymmetric structure made of denser top-side and a spherulitic 

porous structure on bottom side. Membrane resistance was studied using dense membrane in contact 

with most aggressive organic solvents, such as polar protic, polar aprotic and non-polar solvents. The 

results suggest that the newly developed Halar® LMP ECTFE membranes are very promising 

candidates for organic solvents separation. Ultrafiltration (UF) and Nanofiltration (NF) tests with 

alcohols and di-methylformamide (DMF) demonstrated their solvent separation potentialities. 

Chapter 2 treated about poly(vinylidene fluoride) (PVDF) flat membranes were prepared via TIPS by 

using three kinds of citroflex as solvents: acetyl tributyl citrate (ATBC); acetyl triethyl citrate 

(ATEC); and triethyl citrate (TEC). In particular, ATEC and TEC were reported in literature for the 

first time. While PVDF is one of the most attractive polymers for membrane preparation, this family 

of solvents is retrieving much interest thanks to its non-toxic properties. The prepared PVDF 

membranes were characterized in terms of morphology, porosity, pore-size, contact angle, tensile 

properties, and water permeability. The effect of the used solvent on the structures, properties and 

performance of the membranes was investigated. Membranes were tested in water MF process for 

potential application in sterilisation and clarification of pharmaceutical in the pharmaceutical industry 

or applied to separate contaminants from the water. 
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 Chapter 3 and 4 are focused on the preparation of innovative composite 

hydrophilic/hydrophobic membranes, using perfluoropolyether compounds (PFPEs). 

Innovative hydrophobic coated membranes have been prepared and characterised in Direct Contact 

Membrane Distillation (DCMD) for potential water treatment applications. A UV-curable 

perfluoropolyether (PFPE) hydrophobic compounds (Fluorolink® AD 1700 and Fluorolink® MD 

700) were used as coating material to tailor the surface of commercial microfiltration hydrophilic 

polyamide (PA), and polyethersulfone (PES) membranes with different pore sizes (0.1-0.22-0.45µm).  

The coated membranes consisted of a top thin hydrophobic porous layer overlying the hydrophilic 

commercial membrane support. Produced membranes were fully characterised in terms of surface 

and cross-section morphology, water contact angle, porosity, pore size, mechanical test and liquid 

entry pressure. The innovative coated hydrophobic membranes were tested in DCMD configuration, 

using deionized water and salty solution 0.6 M (NaCl) as feed. In particular, the effect of the coating 

concentration, and the starting materials, on the permeate fluxes was investigated. The coating 

resistance was evaluated over time by direct contact with several chemical agents. The measured 

permeate fluxes ranged between 4.56-22.81 kg/m2 h at different feed temperatures (40-50-60°C) 

keeping constant the permeate temperature at 14°C, for deionized water, whereas an average value 

of 11 kg/m2 h, at 50°C was found in case of the salty solution.  
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Chapter 1. 

ECTFE membranes produced by non-toxic diluents for organic solvent filtration 

separation  

1.1 Introduction 

Organic solvents are usually employed in different production processes, such as chemicals 

production, pharmaceutical industries, petrochemical sector, cosmetic, purification and processing of 

food, nutraceuticals and natural products. Therefore, solvent recycling is one of the main issues of 

the chemical and pharmaceutical industries, in fact, industrial wastes may be toxic, corrosive or 

reactive, that can lead to environmental and human health consequences. The traditional practices of 

solvent recycling rely on pre-treatments (addition of additives), evaporation and distillation. 

However, these processes are costly, require high temperatures or use of other type of chemicals. 

With respect to these techniques, membranes allow the facile, safe and low-cost recovery, 

concentration or purification of the target molecules (non-thermal separation)[1]. In particular, 

ultrafiltration (UF) and nanofiltration (NF) pressure-driven membrane processes are of particular 

interest for the organic solvent separation. The first publications concerning their application were 

reported by Nguyen [2] for UF and Eriksson[3] for NF, respectively. Main examples of UF process 

include the fractionation and purification of peptide or impurities from protein solution [4] and the 

extraction polyphenols from seeds [5]. Organic solvent nanofiltration (OSN) has gained popularity 

as membrane process for different applications, such as purification of pharmaceutically active 

ingredients [6], specific recognition of genotoxins [7] recovery of catalyst in chemical synthesis [8], 

separation of ionic liquids [9], and solvent exchange [10]. Both UF and NF processes were used in 

pharmaceutical and biotechnological applications to extract, isolated and concentrated compounds of 

interest [5,11–14]from organic solvent media. For both types of membranes it is of primary 

importance the membranes stability in the presence of harsh solvents.  

New generation of NF membranes is more stable towards organic solvents, but full-scale applications 

are still limited, because of the low number of available commercial solvent-resistant membranes. 

Nowadays, the typical polymers used for preparing NF membranes are Polyimide (PI) including co-

Polyimidies (co-PIs), Polydimethylsiloxane (PDMS), Polyacrilonitrile (PAN) [15], Polyamide (PA) 

[16], Polysulfone (PS) [17]. Table 1 reports examples of typical polymers used in UF and NF 

membranes preparation and applications.  

_____________________________________ 
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*Chapter based on the manuscript : C. Ursino, S. Simone, L. Donato, S. Santoro, M. P. De Santo, E. Drioli, E. Di Nicolò, A. Figoli “ECTFE membranes 

produced by non-toxic diluents for organic solvent filtration separation, RSC Adv., 6 (2016), 81001-81012, DOI: 10.1039/C6RA13343F 

Table 1. Examples of typical polymers used in organic solvent UF and NF membranes preparation 

and applications 

Authors Polymer type Solvents tested Permeability 

(l/m2 h bar) 

Application of Organic 

Solvent Resistant 

Membranes 

S. Darvishmanesha 

et al.[18] 

PPS Methyl ethyl ketone, 

diethyl ether, ethyl 

acetate, methanol, 

ethanol, 2-propanol, n-

hexane, n-heptane, 

acetone and toluene 

0.02  - 3.21    OSN Membranes 

permeation performance 

in pure solvents at lab 

scale 

S. Darvishmanesha 

et al.[19] 

PPS Methanol 

 

0.8 - 9 OSN Membranes 

permeation performance 

in pure solvents at lab 

scale 

M.G. Buonomenna 

et al.[20] 

 

PEEKWC 

Water, Methanol, 

Ethanol, 2-Propanol 

and n-Butanol 

 0.27 - 3.63 OSN Membrane 

performance in pure 

solvents at lab scale 

I. Soroko et al.[21] PI DMF 0.23 - 11 OSN Membrane 

performance in pure 

solvents at lab scale 

M. Peyravi et 

al.[22] 

thin film 

composite 

(TFC) 

membrane of 

PA and PS 

Methanol, ethyl 

Acetate and n-Hexane 

 1.4 - 7.4 OSN Membrane 

performance in pure 

solvents at lab scale 

D. Fritsch et al.[23] TFC 

membrane  

of polymers 

of intrinsic 

microporosit

y (PIMs) and  

PAN 

N-heptane, Toluene, 

Chloroform, 

Tetrahydrofuran, 

Methanol and Ethanol 

0.1 - 7.3 OSN Membrane 

performance in pure 

solvents at lab scale 

Jansen et al.[24] PPS and PI Methanol, Ethanol, 2-

Propanol, Pentane, 

Hexane, Heptane, 

Acetone, Methyl ethyl 

ketone, Methylacetate, 

Ethylacetate,  

isopropyl Acetate 

0.5 (NF) – 

2000 (MF) 

 OSN Membrane 

performance in pure 

solvents at lab scale 

K. Hendrix  et 

al.[25] 

TBPEEK Alcohol, Alkanes, 

Alkylacetate and 

Ketone  

 0.09 - 0.77 OSN Membrane 

performance in pure 

solvents at lab scale 
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M. F. J. Solomon 

et al.[26] 

PI TFC THF, Toluene and 

ethyl Acetate 

0. 3 - 3.83 OSN Membrane 

performance in pure 

solvents at lab scale 

L. Liu et al.[27]   PASS Water, Ethanol, 

Methanol, n-Butanol 

 0.5 – 1.24 OSN Membrane 

performance in pure 

solvents at lab scale 

F. M. Penha et 

al.[28]  

 

PES and 

Hydrophilic 

PES 

Water, Ethanol, 2-

Propanol and n-

Hexane 

0.3 (NF) – 

250.3 (UF) 

UF-NF Membrane 

performance in pure 

solvents at lab scale 

F. M. Penha et 

al.[29] 

PES and 

Hydrophilic 

PES 

Oil and Hexane 0.1 – 2.5  NF Permeation of 

oil/hexane mixture at lab 

scale 

M. Saxena et 

al.[30] 

PS Hexane 79- 364  UF Membrane 

performance in pure 

solvents at lab scale 

M. V. Tres et 

al.[31] 

PES/PVP Oil and Hexane 2 (NF) - 27.5 

(UF)  

UF-NF Separation of 

soybean oil/n-butane at 

lab scale 

M. Eliza et al.[11] PAN-based Aqueous solutions of 

Ethanol 

0.45 - 2.34  NF Treatment of ethanol 

extracts of corn at lab 

scale 

H. Nawaz et al.[5] Cellulose 

acetate/cellul

ose nitrate 

mixed esters 

Aqueous solutions of 

Ethanol 

- Extraction and 

concentration of 

polyphenols at lab scale 

*PDMS: Polydimethylsiloxane; PEEKWC: Polyetheretherkeetone; PI: Polyimide, TFC: Thin-film 

composite membrane; DMF: Di-methyl Formamide; THF: Tetrahydrofuran; NMP: N-methyl 

Pyrrolidone; PAN: Polyacrylonitrile; PPS: Polyphenylsulfone, PES: Polyethersulfone, PS: 

Polysulfone, PVP: Poly(vinylpyrrolidone), PASS: Polyarylene sulfide sulfone, PA: Polyamide. 

 

The influence of the polymeric materials, in terms of separation performance, was well summarized 

in the paper of Cheng et al.[32]. Other authors showed that, beside the polymer type, also the selected 

solvent and eventual additives influence the performance of the solvent resistant nanofiltration 

(SRNF) membranes [33]. A suitable solvent-resistant materials, as Halar® ECTFE (Ethylene-

Chlorotrifluoroethylene), a perfectly alternating copolymer of ethylene and chlorotrifluoroethylene, 

could be used in the chemical process industry due to its properties such as excellent chemical 

resistance and mechanical properties [34,35]. However, due to its chemical-physical stability, ECTFE 

is difficult to be processed with the conventional membrane manufacturing techniques. In fact, 

ECTFE membranes are usually prepared via thermally induced phase separation (TIPS) technique 

and the polymer is solubilized in organic solvents at high temperature. The patent of Mutoh and Miura 

http://www.sciencedirect.com/science/article/pii/S0376738813000926
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was the first one reporting successful TIPS casting of ECTFE [36]. Several studies were performed 

to identify high-boiling organic solvents able to dissolve ECTFE [37]. Among them, Tri-ethyl Citrate 

(CTF), Glycerol Triacetate (GTA) and Di-octyl Adipate (DOA) have been used in the ECTFE 

membrane formation thanks to their low toxicity in comparison than phthalates, such as Di-butyl 

Phthalate (DBP) or Di-ethyl Phathalate (DEP)[38–42]. However, in all these cases, the ECTFE 

polymer was solubilised at temperature over 180°C. Solvay Specialty Polymers has recently 

developed a lower melting point grade of Halar® ECTFE, named here LMP ECTFE, which still offers 

the above quoted outstanding chemical resistance in caustic environments. Moreover, it shows 

comparable properties with standard Halar® (hydrophobicity and mechanical properties), but lower 

crystallinity and lower melting point [43]. ECTFE Halar 901 and LMP ECTFE properties are 

summarized in Table 2. Molecular weight (MW) of ECTFE polymers cannot be directly determined 

by GPC. However, since the Melt Flow Index (MFI) can be provided and it is proportional to the 

molecular weight, information on their MW could be indirectly obtained [44]. For Halar 901, the 

Average Melt Flow Index (MFI) at 275 °C (527 °F), under a Load of 2.16 Kg, is 1 g/10 min; for LMP 

ECTFE, the MFI, at 225°C following ASTM D1238, is 1.5 g/10 min. On the basis of this parameter, 

it can be concluded that LMP ECTFE has lower MW and lower viscosity with respect to Halar 901. 

The same issue is related to the ethylene content, which is also not given by the supplier but it can be 

identified by other polymer properties. In fact, it is possible to obtain information on the Melting 

point and the Heat of fusion. For Halar 901 the Melting point is 242 °C, while the Heat of fusion is 

42 J/g. For LMP ECTFE the Melting point is 175-185 °C, while the Heat of fusion is 18 J/g. These 

parameters are connected to the ethylene content. Since they are lower with respect to the standard 

Halar, in which the ethylene/cloro-trifluoroethylene ratio is 1:1; it could be concluded that, for LMP 

ECTFE, the ethylene content is less than 50 molar%. 

 

Table 2. ECTFE Halar 901 and LMP ECTFE properties 

 Melting Point 

Tm (°C) 

Heat of 

Fusion (J/g) 

Tensile 

Modulus 

(Mpa) 

Contact 

Angle 

(°) 

Melt flow index 

(g/10 min, @ 

2.16 kg 

ECTFE 

Halar 901 

242 42 1650 90-95 1 (*) 

 LMP ECTFE 175-185 18 1100 90-95 1.5 (**) 
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 (*) At 275°C following ASTM D 1238 “Standard Test Method for Melt Flow Rates of  

thermoplastics by Extrusion Plastometer”. 

(**) At 225°C following ASTM D1238. 

 

In this work, LMP ECTFE flat-sheet membranes were prepared by means of TIPS. In this perspective, 

solvents with low toxicity were employed. In particular, the first part of this investigation focused on 

the study of different non-toxic solvents as possible diluents selected on the basis of their 

environmental impact, high boiling point and solubility towards the polymer used. Then, LMP 

ECTFE flat membranes were prepared and characterized in terms of morphology, contact angle, 

mechanical test, porosity and pore size. In particular, swelling tests in pure organic solvents as 

Methanol, Ethanol, 2-Propanol, Hexane, Cyclohexane, Tetrahydrofuran, Toluene, N-methyl 

Pyrrolidone, Di-methyl Acetamide , Di-methyl Formamide were carried out for evaluating the LMP 

ECTFE dense film resistance. Finally, organic solvent permeation tests on selected solvents were 

performed using the novel LMP ECTFE membranes produced.  

1.2 Experimental  

1.2.1 Materials 

The ECTFE based polymers (experimental ECTFE Halar 901 and LMP ECTFE) were kindly 

supplied by Solvay Specialty Polymers and used without any further purification. Di-ethyl Adipate 

(DEA), Ethanol (EtOH), 2-Propanol (IPA), Methanol (MetOH), Acetone, Tetrahydrofuran (THF), 

Toluene (Tol), N-methyl Pyrrolidone (NMP), Di-ethylene Glycol (DEG), Di-butyl Itaconate (DBI), 

Glycerol, Chloroform, Di-methyl Acetamide (DMA), Di-methyl Formamide (DMF), Cyclohexane 

(C6H12), Hexane, Fluorinert® FC-40, Kerosene oil, were all purchased from Sigma–Aldrich and 

used without any further purification. Liquid nitrogen was purchased from Pirossigeno (Cosenza, 

Italy). 

1.2.2 LMP ECTFE solubility tests 

The solubility tests were carried out using different types of solvents: DBI and DEA. Their chemical 

structure is reported in Figure 1. 

  

Figure 1. Chemical structure of solvents of interest 

DMSO GBL NMP

CTFGTA

DBI DEA
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Solvents were selected on the basis of their high boiling point, solubility parameters, lower 

toxicity and environmental impact, compared with the phthalates, 1,3,5-Trichlorobenzene 

(TCB), Di-butyl Phthalate (DBP) and Di-octyl Phthalate (DOP)[36], which are the solvents 

usually used for the preparation of ECTFE-based membrane by TIPS (Table 3). Similar 

solubility parameters indicate good affinity between solvent and polymer. In this case would be 

expected the completely dissolution of the polymer, whilst those with dissimilar values would 

not. 

Table 3. Solvents properties 

Solvent Molecular 

Formula 

Molar 

Mass (g 

mol-1) 

Density 

(g cm-3) 

Boiling 

point (°C) 

δd (MPa)1/2 δp (MPa)1/2 δh (MPa)1/2 

DEA C10H18O4 202 1.01 251 16.4 6.2 7.5 

DBI C13H22O4 242 0.98 284 16.9 10 22 

ECTFE Halar 901 16.8 8.4 7.8 

 δd δp and δh, are the solubility parameters related to, dispersion parameters, polar forces and 

hydrogen bonding, respectively 

Solubility tests were carried out heating and magnetically stirring (50 rpm) the polymeric 

solution (15wt% LMP ECTFE – 85wt% solvent) in an oil bath. The polymer solubilisation was 

evaluated by increasing the temperature of 10°C each 30min, from room to a maximum 

temperature value, close to the boiling point of the solvent employed. 

In particular, an homogeneous solution (15wt% LMP ECTFE/ 85wt% solvent) was observed at 

140°C for DEA and 170°C for DBI. The possibility of decreasing drastically the temperature 

of polymer solution makes easier the polymer processability. Based on these results and 

considering also the low toxicity, DEA was selected as solvent for the preparation of LMP 

ECTFE flat sheet membranes.  

 

1.2.3 Polymeric dope solution preparation 

Polymeric dopes were prepared by dissolving the polymer in DEA at different concentrations (15-

20-25% w/w). Each solution was stirred for 1h at temperature of 193°C until complete dissolution of 

the components was achieved. The polymeric dope was allowed to degas, keeping the temperature, 

for 6h before casting. 
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1.2.4 Preparation of LMP ECTFE membranes and dense films 

Membranes were prepared by casting the polymeric solution over a suitable smooth glass support by 

means of an automatized casting knife (DeltaE srl, Italy) Figure 2.  

  

  

Figure 2. Automatized casting knife. 

 

The dope solution, having a polymer concentration in the range of 15-25 wt.%, was cast by keeping 

both the casting knife and the support to the temperature of 193°C, to prevent premature precipitation 

of the polymer.  

After casting and evaporation, polymeric membranes were cooled down by immersing them in the 

coagulation bath of pure Di-ethylene Glycol (DEG) at 5°C. This value of temperature, among the 

others used (25°C and 60°C), has been found optimal for the preparation of reproducible polymeric 

porous membranes. After coagulation, the membranes were washed overnight in 2-Propanol. In case 

of preparation of dense film, specifically made for evaluating the solvent resistant of the LMP 

ECTFE, no coagulation bath was used and the cast dope solutions were cool down overnight slowly. 

In the dense film (D), DEA was extract by washing in ethanol (typical step in a TIPS process), three 

times and drying in an oven for 6 h.  

All the membrane conditions are resumed in Table 4. 

 

Table 4. Summary of the main preparation conditions for LMP ECTFE membranes 

Membrane 

type 

Polymer 

conc. 

(wt%) 

Casting 

knife 

(µm) 

Air 

exposure 

time (sec) 

Coagulation 

bath type 

Coagulation 

bath 

Temperature 

(°C) 

Drying 

procedure 

L2 15 300 0   
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M2 20 300 0 DEG 5 isopropanol 

over night  

and after  

drying at air 

N2 25 300 0 

Dense Film 

(D) 

20 250 over night - - direct drying 

 

1.2.5 Determination of the binary phase diagram 

ECTFE Halar® 901 and LMP ECTFE solubility in DEA was evaluated by monitoring the cloud point 

(CP) of solutions containing different weight percentages of polymer. In each case, the polymer was 

added to the solvent at room temperature and solubilised by magnetically stirring the solution (50 

rpm) increasing the temperature by using the oil bath. Once the polymeric solution was completely 

solubilised, the dope solution was cooled (rate of cooling was 0.1°C min-1) until the cloud point 

(Solid-Liquid Demixing) occurred. The tests were performed varying the polymer concentration from 

5wt% to 35wt%.  

1.3 Membrane characterization  

 

1.3.1 Scanning electron microscopy (SEM)  

Membranes morphology (cross section, top and bottom side) was observed by using a scanning 

electron microscope (Zeiss EVO MA 100, Assing, Italy). The sample for the evaluation of the 

membrane cross-section was fractured in liquid nitrogen. Samples were sputter-coated with a thin 

gold film prior to SEM observation. 

1.3.2 Atomic force microscopy (AFM) 

Atomic force microscopy was used to study the top and bottom surface morphology and roughness 

of the prepared membranes. The AFM device was a Bruker Multimode 8 with Nanoscope V 

controller. Data were acquired in tapping mode, using silicon cantilevers (model TAP150, Bruker). 

The membrane surfaces were imaged in a scan size of 10 µm x 10 µm. 

 

1.3.3 Contact angle measurements 

Contact angle measurements were performed with ultrapure water using the sessile drop method by 

a CAM100 instrument. For all membranes, at least five measurements were taken both on the air and 

the glass sides; the average values and the corresponding standard deviation were then calculated. 
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1.3.4 Swelling tests 

According to Standard Practices for Evaluating the Resistance of Plastics to Chemical Reagents [45], 

to measure the swelling degree, dense film samples (A= 4cm2) were weighted and placed in suitable 

solvent resistant containers. The quantity of reagent shall be approximately 12.5 mL/cm2 of specimen 

surface area. Samples were kept totally immersed, for 72h-120h-172h at standard laboratory 

atmosphere (25°C), in one of the following pure organic solvents: EtOH, MetOH, Acetone, THF, 

Tol, NMP, EtOAc, DMA and DMF. The swelling degree (Sw) was calculated as follows: 

 

Sw= (
𝑊𝑊−𝑊𝐷

𝑊𝐷
)* 100%        

Where WW is the weight of the dense film after 72h-96h-172h of immersion and WD is the initial 

weight of the dry dense film. 

1.3.5 Mechanical tests 

The Young’s or elastic modulus (Emod), the tensile stress at break (Rm) and breaking elongation or 

stress at break (eBreak) were measured by means of a ZWICK/ROELL Z 2.5 test unit. Each sample 

was stretched unidirectionally at a constant rate of 5 mm/min; the initial distance between the clamps 

was of 50 mm. Five specimens were tested for each sample.  

 

1.3.6 Porosity 

Membrane porosity (Ɛm) was determined according to the gravimetric method, described in 

literature47. Porosity was defined as the ratio between the volume of the membrane and the volume 

of voids present within it. Dry membrane pieces were weighted and impregnated in kerosene for 24h; 

after this time, the excess of liquid was removed with tissue paper, and membranes weight was 

measured again. Finally, porosity was calculated applying the following formula: 

Ɛ(%) = 
(

𝑊𝑤−WD 

ρK
)

(
(𝑊𝑤−WD) 

ρK
+(

WD 

ρP
))

∗ 100        

 

Where WW is the weight of the wet membrane, WD is the weight of the dry membrane, ρK is the 

kerosene density (0.82 g/cm3) and ρP is the polymer density (1.71 g/cm3). For all membranes types, 

three measurements were performed; then, the average values and corresponding standard deviation 

were calculated. 

 

1.3.7 Bubble point and pore size distribution 
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Membrane bubble points, largest pore size and pore size distribution were determined using a PMI 

Capillary Flow Porometer (CFP1500 AEXL, Porous Materials Inc., USA). For each test, membranes 

samples were initially fully wetted using Fluorinert FC-40 (16 dyne/cm), for 24h and placed in the 

sample holder. Bubble point, gas pressure and flow rates through the dry membranes were measured. 

This operating mode, named wet-up/dry-up, was selected using the software Capwin. The 

measurement of bubble point, largest pore size and pore size distribution is based on the Laplace’s 

equation: 

 

dP = 
4 τ cosθ 

𝑃
 

 

where dP is the pore diameter, τ is the surface tension of the liquid, θ is the contact angle of the liquid 

(assumed to be 0 in case of full wetting, which means cosθ = 1) and P is the external pressure. The 

results of each test were exported as an excel file using the software Caprep for further processing. 

 

1.3.8 Solvent Filtration experiments 

Filtration tests were performed in a high pressure crossflow filtration cell (model HP4750) supplied 

from Sterlitech corporation (USA). The volume was 300 mL and the diameter 5.1 cm. The effective 

membrane area was 20.4 cm2. 

Experiments were performed using the solvents at room temperature, as indicated in Table 5. 

 

Table 5. Characteristics of the organic solvents used in the filtration experiments [46] 

Solvent Molecular 

Weight (g/mol) 

Density 

(g/mL) 

Surface tension 

ϒ (mN/m) 

Viscosity 

(cP) 

Polarity 

Methanol 32.04 0.791 22.1 0.60 Protic polar 

Ethanol 46.10 0.789 21.9 1.20    Protic polar 

DMF 73.09 0.944 37.1 0.82 Aprotic polar 

 

The cell was filled with one of the following solvents: Methanol, Ethanol, and DMF. Before the tests, 

each membrane was conditioned by immersing in the target pure solvent for 24 h, and then placed in 

the cell. Experiments were carried out by applying different N2 gas pressures (trans-membrane 

pressure (TMP)) from 2 to 10 bar. The permeate was collected at atmospheric pressure. Each 

membrane filtration test was conducted three times. Solvent flux (J) through each membrane, at a 
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given pressure, was defined as the volume permeated per unit area and per unit time. J was calculated 

by the following equation: 

J = 
𝑉

(A Δt) 
 

where V (L) is the volume of permeate, A (m2) is the membrane area, and Δt (h) is the operation time. 

The average and relative standard deviation were calculated.   

From the slope of the J vs. P linear relationship, the membrane permeability was calculated according 

to a least-square fitting method. 

 

1.4 Results and discussion 

1.4.1 Determination of the binary phase diagram  

The cloud point (CP) of LMP ECTFE/DEA and ECTFE Halar 901 system, as a function of polymer 

concentration, was determined. The initial thermodynamically stable homogeneous solution, made of 

polymer and solvent, separates into two phases decreasing the temperature. The polymer-rich phase 

forms the membrane structure, and the polymer-lean phase forms the pores [47]. The binary phase 

diagram indicates the miscibility gap of the solution, at different polymer concentration. In general, 

the CP of a polymer/solvent system depends on its stability, which in turn is influenced by the 

solubility of the polymer in the same solvent. This depends on the Hansen’s solubility parameters, 

but also on the polymer degree of crystallinity. Since, usually, a crystalline polymer is more stable, 

the interactions between the chains are stronger and, therefore, it is more difficult to dissolve. As 

reported in Figure 3, LMP ECTFE CP was lower that the ECTFE Halar 901. In this case, the two 

polymers’ solubility parameters are very close. However, LMP ECTFE is easier to dissolve because 

of its lower crystallinity (Table 2) and therefore, the compatibility of polymer/solvent is higher for 

LMP ECTFE/DEA. Moreover, it was observed that the CP increased at higher polymer concentration.  

Phase separation mechanism usually influences the membrane morphology. In fact, the liquid-liquid 

(L/L) demixing is favoured at low temperature and low polymer concentration, leading to cellular 

morphologies, while solid-liquid (S/L) demixing generally occurred at high polymer concentration 

and high temperature and brings to the formation of spherulites and axialites structures[47]. In 

particular, both our systems, LMP ECTFE/DEA and ECTFE Halar 901/DEA, did not become cloudy, 

until they began to form gels at the sol–gel transition temperature. Similar results were observed for 

PVDF/Citroflex system reported by Sawada et al.[48]. This result is in agreement with TIPS 

processes, where the higher temperature is necessary to keep the polymer/solvent system 
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homogeneous (latent solvent). According to literature [37,40], and SEM observation, S/L phase 

separation, typical in a TIPS process, is observed in our experiments. The obtained membranes 

morphology is discussed more in details in Section 3.2. 

  

Figure 3. Sol-gel transition temperature of ECTFE Halar® 901 and LMP ECTFE solutions as a 

function of polymer concentration 

 

1.4.2 SEM, AFM and Contact Angle Analyses 

The SEM pictures of the produced LMP ECTFE membranes are shown in Figure 4. Membrane D 

shows a fully dense structure, whilst L2, M2, and N2 membranes are asymmetric. In the latter, the 

top-side (airside during casting) is dense while the bottom side (glass side) is porous. This is in 

agreement with previous literature work. Moreover, it can be clearly seen that spherulitic structures 

are well defined in all the prepared membranes. This morphology is due to S/L demixing, which takes 

place during film cooling, as reported in Section 3.1. As described in literature [47], when membranes 

are prepared via TIPS, S-L phase separation can take place only if, during solution cooling, the 

crystallization temperature of the polymer is reached. Semi-crystalline and crystalline polymers can 

give, then, rise to chain folded lamellae and supramolecular architectures as axialites and spherulites.  
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 Figure 4. SEM pictures of membranes D, L2, M2 and N2. 

 

The roughness of the top and bottom surfaces was investigated using AFM and only for the 

membranes having the intermediate polymer concentration and the best drying procedure. AFM, with 

respect to SEM imaging, provides quantitative information on the sample topography. Figures 5a and 

5b show respectively the top and bottom surfaces topography of the membrane M2, while Figures 5c 

and 5d show the correspondent 3D views.  

Topography was measured on five different areas on the sample surface and the RMS roughness (with 

its standard deviation) was calculated. The RMS roughness for the top-side of the membrane is found 

to be 2.79 ± 1.01 nm while the RMS roughness for the bottom part is 590 ± 160 nm. The obtained 

results indicate that the bottom surface has a much higher roughness with respect to the top surface 

in agreement with SEM analysis. In fact, the bottom side of the membrane presents a porous structure 

that contributes to the higher roughness. 

These values are useful for the interpretation of the contact angle measurements which   

 

BOTTOM SIDE 

BOTTOM SIDE 

BOTTOM SIDE 

BOTTOM SIDE 
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Figure 5. AFM pictures of membranes M2 where a) and b) show respectively the top and bottom 

surfaces topography of the membrane, while c) and d) show the correspondent 3D views.  

are performed to quantify the membranes hydrophobic properties, on both membrane surfaces. The 

average values are reported in Table 7. The relative standard error is less than 5% in all cases.  Contact 

angle measurements also confirmed that the produced membranes are, in general, asymmetric with 

top-side more hydrophilic than bottom side; due to surface smoothness (denser skin layer) as shown 

in AFM and SEM results. In fact, the apparent contact angle of a sessile droplet changes not only 

with the chemical texture, determined by the composition of the polymeric solution, but also with the 

roughness. Wenzel et al.[49] suggested a phenomenological model for understanding how roughness 

affects wetting: 

 

Cos θ* = Cos θ x r 

 

Where θ is the Young’s angle and r the surface roughness. 

Smooth surfaces reduce the absolute value of Cos θ and for this reason the corresponding contact 

angle is lower. 
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1.4.3 Membrane properties  

 

Swelling tests on the dense film (membrane D) were carried out in order to evaluate the membrane 

resistance to the most used solvents in chemical and pharmaceutical industries. According to the 

procedure, reported in the materials and method section 2.2.6.4, membrane stability plays a crucial 

role in organic solvent separation, and the swelling test could be an important criteria to understand, 

predict, and describe the membrane performance. Swelling is a thermodynamic phenomenon which 

takes place in three different steps: solvent absorption on membrane surface, penetration/diffusion 

into the polymer free volume and, finally, polymer expansion. 

Membrane swelling depends on the affinity between solvent and polymer. Indeed, if mutual affinity 

between them is higher, swelling will be enhanced. This may lead to an increase in the free volume 

(polymer expansion), which will affect membrane’s morphology. In case of porous membranes, the 

solvent uptake is much more pronounced than swelling in dense membranes. This is because the 

solvent also filled their porous structure. Membrane swelling could reduce selectivity, increase 

solvent flux and reduce membrane cut-off. Figure 6 indicates that swelling takes 120 hours to reach 

equilibrium.  

 

 

 Figure 6. Swelling tests for membrane D (dense membrane) 

Moreover, depending on the type of solvent employed (Table 6) a different behaviour is observed: 

 polar protic solvents, the swelling increases in function of the surface tension 

(Ethanol>Methanol>Propanol).  
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 non-polar solvents, swelling increases with the Hansen solubility parameter 

(THF>Toluene>Cyclohexane>Hexane).  

 polar aprotic solvents, the results indicate that the total degree of swelling is influenced by 

both superficial tension NMP>DMA>DMF and hydrogen bonding parameters 

Acetone>NMP>DMA>DMF. 

 

 

Table 6. Hansen solubility parameters and surface tension of the solvents used for swelling test 

      Solvent Solubility parameters (Mpa)1/2 Surface 

tension @ 20 

°C in mN/m 
δh (MPa)1/2 δd (MPa)1/2 δp (MPa)1/2 δ (MPa)1/2 

Ethanol 9.5 7.73 4.3 12.92 22.1 

Methanol 10.9 7.42 6 14.28 22.7 

2-Propanol 8.5 7.75 3.3 11.97 23 

Hexane 0 7.24 0 7.24 18.43 

Cyclohexane 0 8.18 0 8.18 24.95 

Acetone 6.9 15.5 10.4 19.9 25.2 

       DMA  11.8 17.8 14.1 22.7 36.7 

DMF 11.3 17.4 13.7 24.8 37.1 

THF 3.7 19.0 10.2 22.5 26.4 

NMP 7.2 18.4 12.3 22.9 40.79 

Toluene 2.0 18.0 1.4 18.2 28.4 

 δh, δd and δp are the solubility parameters related to hydrogen bonding, dispersion parameters, 

and polar forces, respectively 

Comparing the swelling tests results to what observed by S. Simone et al. [40] it can be noticed that: 

a) the swelling percentages are, in general, lower, since the pure ECTFE Halar 901 membranes 

prepared in that work were asymmetric dense, and, hence, solvent uptake by the porous polymer 

matrix was observed, b) The pure ECTFE Halar 901 membranes solvent uptake percentages 

increased in the following order: DMF<DMA<Acetone<Toluene<NMP<EtOH<MetOH<THF. In 

the case of LMP ECTFE, DMF presented the lowest swelling degree; while, Acetone, THF and 
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Toluene produced the highest one swelling, c) The swelling degree observed of DMF using LMP 

ECTFE dense film, was lower than that observed with DMA, and this is in agreement with the ECTFE 

Halar 901 solvent-uptake reported in literature [40]. A possible explanation could be that despite 

these two solvents are similar, some differences in their chemical structure and physical properties 

may lead to a different behaviour. In fact, DMA is polar, possess an electron lone pair and thanks to 

the presence of three –CH3 groups that promote the hydrogen bonds, which makes it more reactive 

than DMF. Moreover, DMF readily interacts by hydrogen bonding with the polymer backbone 

enhancing the decreasing of swelling, while DMA forms H-bonds only at high temperature, as 

observed in literature for sulfonated polymers [50].  

 

1.4.5 Mechanical tests, porosity and pore size characterisation  

The tensile strength of the prepared membranes was measured in order to study how polymer 

concentration affected the mechanical properties and the results are summarised in Table 7. The 

elongation at break (eBreak) increases from 35.15% for membrane L2 (15wt.%), to 155.45% for 

membrane N2 (25wt.%). In addition, the elastic modulus and the tensile stress at break both increased 

when raising the polymer concentration. These results were in agreement with the porosity 

measurements. In fact, porosity decreased whilst all tensile properties (strength, modulus and 

extension at break) increased at higher concentration of LMP ECTFE as also reported in table 7.  

 

The mean pore size of the membranes is in the range 0.01-0.03 µm and it decreased at higher polymer 

concentration. Moreover, the bubble point was increased from 2.08 bar, for the membrane with 

15wt.% of polymer (L2), to 2.43 bar, for the membrane with 25wt.% of polymer (N2) as shown in 

Table 5. This is in agreement with the corresponding largest pore size of 0.22 and 0.18 µm of the 

membranes L2 and N2, respectively. 
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Table 7. Properties of the LMP ECTFE membranes  

Membrane Contact angle 

(°) 

Mechanical tests  

 

Porosity 

(%) 

Pore size measurements 

Top 

side 

Bottom 

side 

EMod 

(N/mm2) 

Tensile-

strength 

(N/mm2) 

eBreak 

(%) 

Bubble 

point 

(Bar) 

Largest 

pore size 

(µm) 

Mean flow 

pore 

diameter 

(µm) 

Diameter at 

maximum pore 

size distribution 

(µm) 

L2 98 137 40.2 1.3 35.1 69.5 2.08 0.22 0.03 0.03 

M2 98 108 277.5 4.6 141.7 56 2.11 0.21 0.01 0.02 

N2 105 114 370 17.1 155.4 42.3 2.43 0.18 0.01 0.01 

Note: The relative standard error is less than 5% in all cases
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1.4.6 Membrane filtration performance in organic solvents 

The low degree of swelling for dense membranes in different solvents, as MetOH, EtOH, and DMF, 

suggested the possible use of the novel LMP ECTFE membranes for organic solvent filtration 

separation. The permeability of the membranes L2, M2 and N2 prepared using 15-20-25wt.% of 

polymer, respectively, was measured using the dead-end filtration cell described in section 2.6.8. The 

trans-membrane flux was measured at different pressure values and the permeability was calculated 

as described in the materials and methods section. The results are shown in Figure 7.   
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N2 (25wt.%) MEMBRANE 

 

Figure 7. Solvent permeability trends with three different organic solvents and the membranes L2 

(a), M2 (b) and N2 (c) 

In all the cases, the permeate flux increased linearly when increasing the pressure. In particular, 

ethanol flux was lower with respect to methanol flux. In agreement with literature [51], this result can 

be justified considering the molecular weight and the viscosity of the two solvents (Table 5). In fact, 

the viscosity of the ethanol is twice of that one of methanol. Moreover, the molecular weight of 

Ethanol is 46.10 gr/mol while the one of Methanol is 32.09 gr/mol.  
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A lower DMF flux was observed and it is due by the combination of different factors such as 

molecular weight (73.09 gr/mol), the density (0.94 gr/mL) and the superficial tension (37.1 mN/m). 

In fact, the higher molecular weight of DMF is responsible of an increase of the steric hindrance, 

while the higher superficial tension (37.1 mN/m), is responsible of the decrease of the organic solvent 

diffusion through the membranes. Moreover, the increase of the polymer content (from 15wt% to 

25wt%) determines a decrease of the solvent permeability, as expected. This allows tailoring the 

produced membranes depending on the type of application. In fact, the permeability values were 

between UF and NF range for the membranes L2  (MetOH: 20 L/m2h*bar; EtOH: 13 L/m2h*bar; 

DMF: 10 L/m2h*bar), and M2 (MetOH: 15.5 L/m2h*bar; EtOH: 8.81 L/m2h*bar; DMF: 7.66 

L/m2h*bar), and in the NF range for the membrane N2 (MetOH: 3.6 L/m2h*bar; EtOH: 3 L/m2h*bar; 

DMF: 2.9 L/m2h*bar), as reported in literature [52].  

1.5 Conclusions  

Novel LMP ECTFE dense and porous asymmetric flat membranes were prepared using a suitable 

non-toxic solvent as the Di-ethyl Adipate via TIPS technique. Polymeric membranes with different 

concentrations (from 15 wt.% to 25 wt.%) were successfully cast via TIPS technique. All the 

produced porous asymmetric membranes showed a spherulitic structure, with a top-side more 

hydrophilic than the bottom side, this result was confirmed by SEM and AFM analysis. Dense 

membrane shows good resistance to most aggressive organic solvents, as confirmed by the swelling 

tests carried out for 192h. Porous asymmetric membranes were tested for organic solvent filtration 

using pure Methanol, Ethanol and DMF. Varying polymer concentration in dope solution, it is 

possible to tailor the produced membranes in the NF and UF range. The results obtained show that 

LMP ECTFE membranes are promising candidates to be use in separation filtration processes under 

harsh conditions. Moreover, this polymer can be used as alternative of Halar 901, thanks to its 

property, which makes it easy processable at lower temperature keeping the material properties 

unchanged.  
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Chapter 2. 

Effect of citrate-based non-toxic solvents on poly(vinylidene fluoride) membrane 

preparation via thermally induced phase separation  

2.1 Introduction  

Membrane processes are currently used extensively in a number of areas of water treatment, thanks 

to their relatively low energy consumption, ease of operation, and lack of requirement for the addition 

of further chemicals to the process [1,2]. In particular, they represent one of the most attractive 

solutions to the problem of water shortage, which is an ongoing global issue because of population 

growth and economic expansion particularly in developing countries. Membrane processes are 

considered to be promising techniques for achieving a sustainable society; however the membrane 

preparation process itself remains problematic due to the use of substances that are hazardous to 

humans and environment. Microfiltration (MF) is a liquid-phase pressure-driven membrane process 

that is widely applied to separate contaminants such as bacteria, algae, colloids, and macromolecules, 

from the feed water. Together with other pressure-driven membrane processes (e.g. ultrafiltration, 

nanofiltration, and reverse osmosis) and membrane distillation processes (especially coupled with 

crystallization), MF could become a useful tool in addressing the increasing worldwide demand for 

clean water [3,4]. The porous MF membranes play the role of a size exclusion barrier, through which 

only water and other substances smaller than the pore size can permeate from the feed side to the 

other side. The pore size of MF membranes tends to range from 0.05 to 10 m [2], depending on the 

size of the contaminants to be separated. MF membranes are required to have not only suitable porous 

structures, but also sufficient mechanical strength and chemical resistance for long term stability and 

use. Poly(vinylidene fluoride) (PVDF), a polymer with repeating units of (CF2CH2), is one of the 

most widely used polymers for membrane preparation, due to its outstanding chemical and physical 

stability [5-7]. PVDF is soluble at room temperature in polar aprotic solvents, and in addition, a range 

of chemicals can work as solvents at high temperatures [6]. PVDF membranes can therefore either 

be prepared via non-solvent induced phase separation (NIPS) or thermally induced phase separation 

(TIPS) methods [5,7]. In the NIPS process, the immersion of a polymer solution in a non-solvent 

causes the precipitation of a polymer-rich phase that turns into a membrane by exchange of a solvent 

with the non-solvent. 

_____________________________________ 

*Chapter based on the manuscript: S. Sawada, C. Ursino, F. Galiano, S. Simone, E. Drioli, A. Figoli, “Effect of citrate-based non-toxic solvents on 

poly(vinylidene fluoride) membrane preparation via thermally induced phase separation”- Journal of Membrane Science- Volume 493, 1 November 

2015, Pages 232–242. DOI: 10.1016/j.memsci.2015.07.003. 
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In the TIPS process, the polymer solution is cooled from high temperature, and the polymer phase is 

expelled from the solvent to form a membrane due to the polymer/solvent immiscibility at low 

temperatures. Compared to the NIPS method, the TIPS method is capable of producing PVDF 

membranes with better mechanical strength, higher porosity and narrower pore-size distribution [7], 

which are appropriate properties for use in MF applications.  

Traditionally, solvents such as dimethyl phthalate (DMP) [8,9], diethyl phthalate (DEP) [10], dibutyl 

phthalate (DBP) [11,12], and dioctyl phthalate (DOP) [12], have been used in the preparation of 

PVDF. However, these phthalate esters are extremely toxic and have a negative effect on human 

health [13]. As highlighted by Figoli et al [14]., one of the most urgent issues for membrane scientists 

is the discovery and development of less toxic alternatives to such solvents. However, this is not an 

easy task, and is complicated further by the fact that the structures of membranes prepared via the 

TIPS process are greatly influenced by the type of solvent used. Therefore, it is of paramount 

importance to select an appropriate solvent of low or non-toxicity, which is still capable of dissolving 

PVDF at high temperatures. In recent years, alternative solvents such as diphenyl ketone (DPK) [15] 

and diphenyl carbonate (DPC) [16] have been tested for PVDF membrane preparation via TIPS.  

Citric acid esters, commercially known as “Citroflex”, represent a non-toxic family of plasticizers 

used in food contact polymer applications. The toxicological safety of Citroflex is demonstrated by 

satisfactory results in numerous long-term tests conducted in animals [17], and therefore Citroflex is 

expected to be an environmental-friendly reagent for use in a range of chemical processes. To date, 

there have been few reports regarding the TIPS membrane preparation employing Citroflex as a 

solvent. The citroflex used in these studies are tributyl citrate (TBC), acetyl tributyl citrate (ATBC), 

and triethyl citrate (TEC). Liu et al. reported the preparation of flat PVDF membranes using a ternary 

system comprising the polymer, TBC as the solvent, and di-(2-ethylhexyl) phthalate (DEHP) as the 

non-solvent. They examined the effect of the PVDF / TBC / DEHP composition on the structures and 

properties of the resulting PVDF membranes [18]. Cui et al. prepared both flat and hollow fiber PVDF 

membranes using ATBC, and reported that the membrane structures were significantly affected by 

the experimental conditions, including the polymer concentration, quenching temperatures, air gap, 

and bore fluid temperature [19]. Hassankiadeh et al. also reported the preparation of PVDF hollow 

fiber membranes using ATBC, and examined the effect of polymer molecular weight on the 

membrane structures [20]. Besides PVDF, Mullette et al. also successfully prepared both 

poly(ethylene chlorotrifluoroethylene) (ECTFE) flat and hollow fiber membranes using TEC [21]. 

These previous studies clearly demonstrate that Citroflex appears to be an extremely useful solvent 

for application in the TIPS membrane preparation process.  
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Therefore, in the study reported herein, in addition to the use of the previously reported ATBC 

[19,20], we employed for the first time two additional Citroflex solvents, namely acetyl triethyl citrate 

(ATEC) and TEC, for the preparation of flat PVDF membranes via TIPS. The effect of the different 

solvents, together with that of the gap between the casting knife and plate, on the structures and 

properties of the resulting PVDF membranes was investigated. As mentioned in section 2.3.1, the 

solubility for PVDF of the used Citroflex (ATBC, ATEC, and TEC) is closely similar but clearly 

different from each other. Accordingly, the selection of these three Citroflex allowed us to in detail 

examine how the polymer / solvent affinity influenced the membrane formation during the TIPS 

process, which is of importance from the viewpoint of fundamental polymer science.  

2.2. Experimental  

2.2.1 Materials  

PVDF (Solef 1015, purity: 100%) was kindly provided by Solvay Specialty Polymers (Bollate, Italy). 

ATBC (purity: 99%), ATEC (purity: 99%), TEC (purity: 99%), kerosene (purity: 100%) and ethanol 

(purity: 99.8%) were purchased from Sigma-Aldrich. The chemical formulae, properties and safety 

data information of the Citroflex solvents used in this study are shown in Table 1. Liquid nitrogen 

was purchased from Pirossigeno (Cosenza, Italy). Deionized water was obtained from a water 

purification system (Zeneer RO 180), and was used for the water permeability test.  

Table 1. Properties of three kinds of Citroflex: ATBC, ATEC and TEC 

Classification according to 

regulation (EC) n° 

1272/2008 

SOLVENT 

   

Molecular weight (g/mol) 402.5 318.3 276.3 

Hazard statements Not a hazardous substance or mixture according to Regulation (EC) 

No. 1272/2008. This substance is not classified as dangerous 

according to Directive 67/548/EEC. 

H332- Harmful if 

inhaled. 
Precautionary statements 

Other hazards 
Relevant toxicological 

information 
No component of this product present at levels greater than or equal to 0.1% is identified 

as probable or confirmed human carcinogen by IARC. 
Density at 25 ○C (g/mL) [22] 1.05 1.14 1.14 

Boiling point at 1 mm Hg 

(○C) [22] 
173 132 127 

 

2.2.2 Sol-gel transition temperature  

PVDF solubility in ATBC, ATEC, and TEC was evaluated by monitoring the sol-gel transition of 

solutions with variation of the PVDF polymer concentration. A vessel containing the PVDF / solvent 

ATBC ATEC
TEC
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solution was heated in an oil bath at 200 ○C for 2 hours to give a homogeneous solution. Then, the 

temperature of the oil bath was dropped to the planned value in the range of 100-170 ○C, causing the 

solution in the vessel to be gradually cooled and reach the equilibrium state after 3 hours. The vessel 

was removed from the oil bath, and tilted for observation of the state of the PVDF / solvent mixture 

at this temperature. If the mixture was homogeneous and can smoothly flow (at higher temperature), 

it was recorded as a “solution”. If the mixture was viscous and partially solidified (at lower 

temperature), it was recorded as a “gel”. In this way, the following procedures were repeatedly 

conducted: heating of the vessel to 200 ○C again to revert the mixture to a homogeneous solution; 

cooling of the vessel to another temperature; and record of the mixture state (solution or gel). The 

sol-gel transition temperature was defined as the lowest temperature at which the PVDF / solvent 

mixture was a smooth-flowing liquid.  

2.2.3 Preparation of PVDF flat membranes  

The PVDF polymer and Citroflex (ATBC or ATEC or TEC) were mixed in a closed vessel, and 

heated at 190 ○C in an oil bath. The polymer concentration was 16wt% in all cases (When the polymer 

concentration was more than 16%, the solution was a bit viscous, thereby failing to prepare the 

homogeneous membrane). The resulting solutions were stirred for 3 hours at 190 °C until complete 

dissolution of the polymers was achieved. After the stirring was stopped, the solution was kept 

exposed to the air for 2 hours in order to get rid of airbubbles. 

The flat PVDF membranes were prepared by using the casting knife containing a narrow rectangular 

opening at the bottom and a smooth glass support plate set below the casting knife. The polymer 

solution poured into the casting knife at 190 ○C passed through the opening, and then was 

accumulated on the plate at 30 ○C. Just after that, the glass plate started moving at the fixed velocity 

of 22 cm/min, spreading the polymer solution onto the glass plate. The gap between the casting knife 

and the glass plate for membrane casting was varied between 200 and 400 µm, allowing the thickness 

of the final membrane to be varied. After being kept under the ambient atmospheric condition for 2 

hours, the nascent membrane with a glass plate was immersed in an ethanol bath (purity: 99.8%) for 

24 hours to extract solvents from the membrane. Finally, the membrane was dried in an oven at 40 

○C for 24 hours. The membrane side exposed to air during the casting is referred to as the “top side” 

surface, whereas the side contact with the glass plate is referred to as the “bottom side” surface. The 

membranes prepared using ATBC, ATEC and TEC are referred to as the “PVDF/ATBC membrane”, 

“PVDF/ATEC membrane” and “PVDF/TEC membrane”, respectively.  

2.3 Characterization of PVDF membranes  
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2.3.1 FT-IR analysis 

The crystalline phase of PVDF membranes was studied by Fourier-transform infrared (FT-IR) 

spectroscopy. Spectral data were recorded on a NicoletTM iSTM 10 FT-IR ATR spectrometer over the 

range of 400-1000 cm-1 with a resolution of 2 cm-1.   

2.3.2 Crystallinity  

The thermal properties of the PVDF membranes were examined by differential scanning calorimetry 

(DSC) using a Rigaku Thermo plus DSC 8230 under N2. Thermograms of the heat flow vs. 

temperature of the specimens (around 5 mg) were obtained in the range of 100-200 ○C at a heating 

rate of 5 ○C/min. The heat of the fusion of the specimens, Hs, was calculated from the peak area of 

the thermograms. The degree of crystallinity, Xc, was calculated by:  

Xc = 100 × Hs / H100             (1)  

where H100 is the heat of fusion for the 100% crystalline PVDF sample (104.7 J/g) [23].  

2.3.3 SEM morphology  

The morphology of the top-side and bottom-side of the prepared membranes was observed using a 

scanning electron microscope (SEM) (Carl Zeiss Microscopy EVO Ma 10). The cross-section 

morphology of the membranes was also observed using an SEM (JSM-5600, JEOL). Cross-section 

samples were prepared by freeze fracture in liquid nitrogen. Before analysis by SEM, all samples 

were sputter-coated with a thin gold film to improve the imaging resolution, and to avoid electrical 

charging during the SEM observation.  

2.3.4 Porosity  

The overall porosity of the membrane, which is defined as the volumetric ratio of the voids to the 

entire membrane, was determined by the gravimetric method as described elsewhere [24-26]. The 

membrane weight in a dry state, Md, was measured, and then the membrane was immersed in kerosene 

for 24 hours. After the excess kerosene was wiped off from the surface, the membrane weight in a 

fully-wet state, Mw, was measured. The porosity was calculated by:  

 
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ρ
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where C
p is the density of crystalline PVDF (1.92 g/cm3) [23], A

p is the density of amorphous 

PVDF (1.68 g/cm3) [23], and k is the density of kerosene (0.82 g/cm3). The C
p is the value for -

phase crystals, because all membranes had -phase crystals as mentioned in section 2.4.1.  

2.3.5 Pore size  

The pore size of the membranes was determined by using a PMI Capillary Flow Porometer (CFP 

1500 AXEL, Porous Materials Inc., USA) as described elsewhere [25,26]. Membrane samples were 

immersed in a Porewick solution (its surface tension is 16 dyne/cm) for 24 hours to achieve full 

wetting, and were placed in the sealed chamber. Nitrogen gas (with increasing pressure over time) 

was supplied to one side of the sample in order to record the gas pressure and gas flow rate through 

the sample. The so-called “bubble point” corresponds to the pressure at which the first gas flow is 

detected. After the bubble point, the gas pressure increased until all pores were empty and the sample 

was considered to be dry. Gas pressure and flow rate for the dry samples were also recorded. This 

“wet-up/dry-up” mode was selected using the CapWIN software. Information relating to pore size 

and pore size distribution was determined based on Laplace’s equation as follows:  

dP = 4  cos θ / P                          (3)  

where dP is the pore diameter,  is the surface tension of the liquid, θ is the contact angle of the liquid 

(assumed to be 0 in the case of fully wetting), and P is the external pressure.  

2.3.6 Static contact angle  

The static contact angle of water is defined as the angle between the membrane surface and the tangent 

line at the contact point of the water droplet on the membrane surface. The contact angles at room 

temperature were measured using an optical contact angle meter (CAM100, KSV Instruments) as 

described elsewhere [27]. A water droplet of 5 L was placed on the top- or bottom-side surface of 

the membrane sample. The measurements were repeated in quintuplicate for each membrane, and the 

average value was reported.  

2.3.7 Tensile properties  

The mechanical properties of the membranes were measured using a ZWICK/ROELL Z 2.5 test unit 

at room temperature. Rectangular samples (1  5 cm) were extended at a constant elongation speed 

of 5 mm / min. Young’s modulus (Emod), the tensile stress and elongation at breaking point were 

determined. The measurements were repeated in quintuplicate for each membrane, and the average 

value was reported.  
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2.3.8 Water flux  

Water permeation experiments were conducted at room temperature using a stainless dead-end 

filtration cell (Model HP4750, supplied from Sterlitech Co.) with an effective permeation area of 20.4 

cm2. The membrane sample was submerged in purified water for 24 hours by putting it under a 

metallic stick to ensure complete wetting prior to measurement. The membrane was placed at the 

bottom of the cell, and the reservoir (300 mL) behind the membrane was filled with purified water. 

Transmembrane water flux was driven by applying pressure with nitrogen gas. The gas pressure was 

varied in the order of 1.0, 0.7 and 0.4 bar. Permeated water was collected, and its mass was recorded 

on a balance at the desired time intervals. Water flux, JW, was calculated using the following equation:  

JW = W / w A t,                (4)  

where W is the weight of permeated water (g), w is the density of water (1 g/cm3), A is the permeation 

area (20.4 cm2), and t is the permeation time (sec).  

2.4 Results and discussion  

2.4.1 Phase diagrams of PVDF/Citroflex systems  

Several number of previous studies [15-16,18] have focused on the phase diagrams of PVDF solutions 

with relation to the cloud point temperature, at which a transparent polymer solution becomes more 

viscous and turbid. Cloudiness can occur in a solution of polymer due to separation between the 

polymer-lean and polymer-rich phases, and this process is known as liquid-liquid (L-L) phase 

separation. In our PVDF / Citroflex systems, no solutions became turbid until they began to form gels 

at the sol-gel transition temperature. Figure 1 shows the measured sol-gel transition temperatures for 

the three chosen Citroflex solvents as a function of PVDF concentration. 
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Figure 1. Sol-gel transition temperature of PVDF solutions with (●) ATBC, (△) ATEC, and (◆) 

TEC 

 

For all solvents used in these studies, the sol-gel transition temperature increased with the PVDF 

concentration. This can be easily explained by the fact that a higher temperature is required to keep 

the polymer/solvent system homogeneous with increasing polymer concentration. At the same PVDF 

concentration, the sol-gel transition temperature decreased in the following solvent order of ATBC 

(130165 ○C) > ATEC (120160 ○C) > TEC (110150 ○C). It follows that the solvent miscibility 

with PVDF increases in the opposite order of ATBC < ATEC < TEC. The theory of Hansen solubility 

parameters [28] is often used to predict the solubility of a selected polymer in a range of solvents. In 

this theory, each molecule (polymer or solvent) is assumed to have three Hansen parameters, namely 

an atomic dispersive interaction (d), a polar interaction (p), and a hydrogen-bonding interaction (h). 

The miscibility between the polymer and the solvent is related to the solubility parameter distance, 

Ra, calculated by the following equation [28]:  

      0.52

h2h1

2

p2p1

2

d2d1a δδδδδδ4R                      (5)  

where subscripts 1 and 2 denote the polymer and solvent, respectively. According to equation (5), the 

lower the value of Ra, the more soluble the polymer is in the selected solvent system. Table 2 shows 

the d, p, and h values for PVDF and the three Citroflex solvents. Although the chosen Citroflex 

solvents have similar molecular structures, their Hansen parameters show a degree of variation. 

Table 2. Hansen solubility parameters of PVDF and citroflex 

Polymer or solvent d (MPa1/2) p (MPa1/2) h (MPa1/2) Ra (MPa1/2) 

PVDF 17.2a 12.5a 9.2a 

ATBC 15.4b 4.1b 6.2b 9.6 

ATEC 16.6b 3.5b 8.6b 9.1 

TEC 16.5b 4.9b 12b 8.2 
aREF. 29, bREF. 30. 

For example, TEC shows the highest h of 12 as it contains polar hydroxyl groups (OH). The 

Rabetween PVDF and Citroflex was calculated by equation (5), and also shown in Table 2. It can be 

seen that the Ra value decreased in the order of ATBC > ATEC > TEC, and it could therefore be 

predicted that the solubility of PVDF in each solvent was enhanced in the order of ATBC < ATEC < 

TEC, which agrees with the miscibility trend expected from the sol-gel transition temperature. Based 

on these results, it was worth examining how the structure and properties of the membranes were 

affected by the solvents with such different miscibility values.  
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2.4.2 Membrane morphology studies 

 Crystal structure 

As reported in literature [31], PVDF possesses at least four different crystalline phases, named , , 

 and . Among these, the two most common polymorphs are the  (trans-gauche, TGTG’) and  

(all-trans, TTTT) phases. The  phase is a kinetically stable non-polar crystalline form with a 

monolithic lattice structure, whereas the  phase is a thermodynamically favoured polar form with an 

orthorhombic lattice structure [32]. The type of PVDF crystalline phase depends on the temperature 

of the solution before casting. The  phase usually forms at high temperature (>110 °C), while the  

phase is formed exclusively at lower temperature (<70 °C) [33].  

Figure 2 shows the FT-IR spectra of the PVDF / ATBC, PVDF / ATEC and PVDF / TEC membranes 

prepared in this study. For all membranes, characteristic peaks were observed at 409, 532, 764, 795, 

and 972 cm-1, which are indicative of the -phase of PVDF [19]. Accordingly, it was found that all 

the three kinds of Citroflex, i.e., ATBC, ATEC, and TEC, induced the formation of -phase PVDF.  

 

Figure 2. FT-IR spectra of PVDF membranes 

Fig. 3 shows the DSC thermograms of the prepared PVDF membranes. 
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Figure 3. DSC thermograms of (a) PVDF/ATBC, (b) PVDF/ATBC, and (c) PVDF/TEC 

membranes 

The endothermic peak temperature, Hs and Xc are listed in Table 3. For all solvent cases, the peak 

temperature and Xc increased as the gap between the casting knife and plate became wider. This 

means that the size of each crystal and the total amount of crystalline regions increased with the gap 

widening.  

Table 3. The peak temperature, Hs, and Xc for the PVDF membranes 

 

 SEM morphology  

The SEM analyses of the membranes prepared under a range of conditions are shown in Figs 4-6. 

The first comparison was made for the membranes prepared at the knife / plate gap of 400 m (Figure 

4(c), Figure 5(c), and Figure 6(c)) to examine the effect of solvents on the morphology.  

Solvent 
Knife / plate 

gap 
(m) 

Peak temp. 
(○C) 

Hs 
(J/g) 

Xc 

(%) 

ATBC 200 154 32.2 30.8 
ATBC 300 166 44.3 42.3 
ATBC 400 168 45.2 43.2 
ATEC 200 150 24.9 23.8 
ATEC 300 151 30.4 29.0 
ATEC 400 167 54.2 51.8 
TEC 200 150 27.4 26.1 
TEC 300 154 32.1 30.7 
TEC 400 167 53.6 51.2 
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Figure 4. SEM photographs of membranes prepared from PVDF / ATBC solutions at the different 

knife / plate gap of (a) 200, (b) 300, and (c) 400 m 

For the PVDFATEC and PVDFTEC membranes, it can be seen that spherulites are formed at 

both the top and bottom sides of the membranes, indicating the occurrence of the solid-liquid (S-L) 

phase separation. During the casting process, the polymer solution on the glass plate was cooled to 

30 
○C, which is significantly lower than the crystallization temperature of PVDF. The polymer chains 

aggregated each other to form a primary nucleus, to which further polymer chains moved by thermal 

diffusion to initiate crystallization. These polymer aggregations grew over time to become 

spherulites, composed of lamellar stacks of alternating crystalline and amorphous layers radiating 

from the nucleic center. On the other hand, in the case of PVDF / ATBC membranes, only fibrillar 

structures were observed instead of spherulites, suggesting that the system underwent an L-L phase 

separation and subsequent crystallization [34]. Cui et al. also observed that this L-L phase separation 

took place in PVDF / ATBC systems at PVDF concentration lower than 24wt% [19]. According to 

the TIPS mechanism [35], S-L phase separation occurs if the compatibility between the polymer and 

the solvent is high, whereas L-L phase separation occurs if this compatibility is low. Since ATBC has 

lower affinity with PVDF compared to ATEC and TEC, as shown by the sol-gel transition 

temperature (section 3.1), it should cause L-L phase separation in the solution system.  

For the PVDFATBC membranes prepared at the knife / plate gap of 400 m, it can be seen that the 

top-side and bottom-side surfaces are porous and considerably dense, respectively. The observed 

asymmetric structure can be explained by taking into account the difference in the cooling speed of 
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the polymeric solution during the casting process. The bottom side of the nascent membrane was in 

direct contact with the glass plate at 30 ○C and underwent fast cooling. Polymer chains were thought 

to be immediately phase separated from solvent molecules to gather with each other. Additional 

polymer chains that happened to approach the bottom side by thermal diffusion presumably lost the 

molecular mobility due to low temperature, and then began to be aggregated together, excluding 

solvent molecules. Such a fast phase separation behavior should increase the local polymer 

concentration to make the bottom surface dense. Solvent molecules rejected from the polymer phase 

were forced to vertically ascend to the upper regions. In contrast to the bottom side, the cooling speed 

of the top side was quite slow, since it was exposed to the air, whose thermal conductivity was far 

lower than that of the glass plate. Consequently, it is expected that solvent molecules were 

accumulated in the top side to decrease the local polymer concentration, thereby producing the porous 

top surface. A similar morphology of a porous top surface and dense bottom surface has been 

previously reported in studies on the preparation of ECTFE membranes via the TIPS process [36,37].  

It is seen from Figs. 4(a)-(c) that the top side surface of the PVDF / ATBC membranes became less 

porous as the knife / plate gap was reduced. As mentioned above, the formation of the porous top 

surface was related to the slower cooling speed in comparison with the bottom side. When the 

membrane was thinner, the cooling speed of the top side was faster and closer to that of the bottom 

side due to the enhanced transmembrane thermal conduction. In other words, the thinner membrane 

was more homogeneously cooled in whole, producing the less porous top surface. At the narrowest 

gap of 200 m, the top side and bottom side surfaces looked alike each other, which may be caused 

by the almost same cooling speed at the both sides.  

Unlike the PVDF / ATBC membranes, the PVDF / ATEC and PVDF / TEC ones prepared at the 

knife/plate gap of 400 m did not have the dense skin surface at the bottom side (Figure 5(c) and 

Figure 6(c)). 
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Figure 5. SEM photographs of membranes prepared from PVDF / ATEC solutions at the different 

knife / plate gap of (a) 200, (b) 300, and (c) 400 m. 

 

Figure 6. SEM photographs of membranes prepared from PVDF / TEC solutions at the different 

knife plate gap of (a) 200, (b) 300, and (c) 400 m 

This result can be related to the fact that ATEC and TEC were better solvents for PVDF than ATBC, 

as mentioned in section 3.1. In both the ATEC and TEC cases, even in the fast-cooled bottom side, 

polymer chains may keep their molecular mobility at a certain degree because of the high 
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polymer/solvent miscibility. As a consequence, the phase separation throughout the membrane 

probably occurred at the similar speed, making the both top- and bottom-side surfaces porous. The 

avoidance of formation of the dense skin layer is an advantage when using ATEC and TEC as 

solvents. When the gap was narrowed from 400 to 200 m, the spherulites looked less prominent, 

and their size tended to be smaller (seen in the cross section images of Figs 5-6). The gap narrowing 

quickened the cooling of the whole membrane and gave a polymer solution shorter time for phase 

separation to form spherulites. This result was in consistent with the DSC data in Table 3 (i.e., the 

membranes prepared at the narrower gap showed the lower Xc.). It was noted that the PVDF/TEC 

membrane prepared at 200-m gap seemed to have almost no spherulites (especially in the bottom 

side). This membrane with the lowest thickness of only 90 m (see Table 4) was cooled at the fastest 

speed, and so the phase separation would be significantly restricted.  

2.4.3 Membrane properties  

 Pore structure  

Table 4 shows the thickness, porosity, mean pore size, and contact angle of the prepared PVDF 

membranes. 

Table 4. Properties of prepared PVDF membranes  

 

For all the cases, the thickness was significantly lower than the knife / plate gap due to evaporation 

of solvent from the nascent membrane cast on the plate. The pore size obviously increased in the 

following order of solvent: ATBC < ATEC < TEC. For example, at the gap of 400 m, the pore sizes 

were 0.93 m (ATBC), 2.98 m (ATEC) and 7.24 m (TEC), respectively. This pore size trend is in 

consistent with the order of the PVDF / solvent miscibility shown in Figure 1, and can be explained 

based on the TIPS mechanism [38,39]. For the TEC case, as discussed in section 3.2, a high PVDF / 

TEC miscibility resulted in remarkable S-L phase separation. Simultaneously with the spherulite 

SOLVENT 

KNIFE/PLATE 

GAP 

(m) 

THICKNESS 

(m) 

POROSITY 

(%) 

MEAN 

PORE SIZE 

(m) 

CONTACT 

ANGLE 

(Top side) 

CONTACT 

ANGLE 

(Bottom side) 

ATBC 200 97 ± 5 57.7 ± 0.3 0.86 102 ± 2 89 ± 6 
ATBC 300 116 ± 6 58.9 ± 0.2 0.82 106 ± 8 82 ± 3 
ATBC 400 137 ± 8 65.9 ± 0.3 0.93 123 ± 7 98 ± 8 

       ATEC 200 94 ± 10 53.2 ± 0.2 2.44 112 ± 5 104 ± 5 

ATEC 300 112 ± 5 56.9 ± 0.3 2.88 116 ± 4 104 ± 3 
ATEC 400 149 ± 4 76.0 ± 0.7 2.98 123 ± 3 112 ± 3 

       TEC 200 90 ± 6 52.3 ± 0.4 3.90 123 ± 5 99 ± 4 
TEC 300 125 ± 3 56.1 ± 3.0 4.29 120 ± 2 104 ± 5 

TEC 400 157 ± 9 75.5 ± 1.2 7.24 125 ± 6 111 ± 5 
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formation, TEC molecules gathered to form solvent-rich regions that turned into large pores after 

solvent extraction. For the ATEC case, a lower PVDF / ATEC miscibility resulted in a more viscous 

solution, retarding the molecular mobility of polymer and solvents. The formation of spherulites and 

solvent-rich regions was a little restricted, thereby producing smaller pores, as well as smaller 

spherulites. Moreover, for the ATBC case, the TIPS mechanism shifted to the L-L phase separation 

due to the lowest PVDF / ATBC miscibility. ATBC molecules had less time to aggregate with each 

other, leading to formation of very small pores. This pore-size trend is in agreement with the work of 

Su et al [40]., who prepared PVDF membranes via TIPS using four types of solvents: -butyrolactone 

(-BL); propylene carbonate (PC); DBP; and dibutyl sebacate (KD). The membrane pore size was 

reduced by changing the solvents from -BL and PC (higher miscibility with PVDF) to DBP and KD 

(lower miscibility with PVDF). In contrast to their qualitative discussion based on only SEM 

observation, we quantitatively reported the effect of solvent on the pore size, leading to a better 

understanding of pore formation via TIPS.  

At the knife/plate gap of 400 m, the PVDF/ATBC membrane showed the porosity of 65.9%, while 

the PVDF/ATEC and PVDF/TEC membranes showed the higher porosity of 76.0% and 75.5%, 

respectively. During the casting process, parts of the solvents can reach the top side surface and be 

expelled to the outside of the membrane. Accordingly, the porosity corresponds to the total amount 

of the remaining solvents inside the membrane. Since ATBC had the lowest miscibility with PVDF, 

ATBC were relatively easily expelled to the outside (low porosity). On the other hand, ATEC and 

TEC with higher miscibility likely remained inside the membrane (high porosity).  

When the knife/plate gap was wider, an increase in both porosity and pore size was observed, 

especially for the ATEC and TEC cases. The enlargement in the knife/plate gap presumably caused 

the two effects. The first effect is that solvents were unable to easily reach the top side surface owing 

to the greater distance to move. The amount of solvents remaining inside the membrane increased, 

leading to an increase in porosity. The second effect is that the cooling speed throughout the 

membrane was slow due to low vertical thermal conduction. The polymer/solvent phase separation 

took place over a longer period of time, resulting in an increase in pore size. To the best of our 

knowledge, our study reported in detail for the first time that the pore structure was significantly 

influenced by the knife / plate gap in the TIPS membrane preparation.  

 Contact angle   

The measured contact angle of a sessile droplet, m, is related to the roughness of the surface by the 

following equation [41]:  
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cos m = r cos y          (6)  

where r is the ratio of the actual to projected surface area (r = 1 for a smooth surface and r > 1 for a 

rough surface), and y is the Young contact angle, which is equal to m if r = 1. From equation (6), 

we can determine that the greater the roughness of the surface, the higher the measured contact angle 

is. This relationship is useful for analyzing the contact angle data. As shown in Table 4, the contact 

angle measured on the top side surface was higher than that on the bottom side surface for all 

membranes. This suggests that the top side surface was somewhat more porous and rough than the 

bottom side surface as shown in Figs. 4-6. The PVDF / ATBC membranes showed the lowest contact 

angle of 82 – 98 
○ at the bottom side surface, which is in agreement with the dense and flat surface 

observed by SEM (see Figure 4). The reason for formation of porous top and dense bottom sides is 

due to the different cooling speed of the two polymeric film surfaces after casting, as discussed in 

section 2.3.2.  

 Tensile properties  

Table 5 shows the tensile properties of the prepared membranes. One notable point is that the Emod 

of the PVDF / ATBC membranes are 2-times or more higher than that of the other two membranes. 

This can be explained by taking into account that the PVDF / ATBC membranes had the smallest 

pore sizes amongst all the prepared membranes.  

Table 5. Tensile properties of PVDF membranes  

The tensile strength and elongation at breaking point did not strongly depend on the identity of the 

solvent used in the membrane preparation process, but decreased as the thickness of the membranes 

increased. This is consistent with the result that the porosity and mean pore size increased with the 

membrane thickness (see Table 4). For the thick membrane, highly porous structures would make the 

samples more fragile, reducing the tensile strength and elongation at breaking point.  

SOLVENT 
KNIFE/PLATE 

GAP (m) 

Emod 

(N/mm2) 

TENSILE 

STRENGTH 

(MPa) 

ELONGATION AT 

BREAK 

(%) 

ATBC 200 16,5 ± 1,3 0,58 ± 0,07 38,5 ± 5,2 
ATBC 300 14,1 ± 1,4 0,39 ± 0,05 35,9 ± 3,2 
ATBC 400 16,0 ± 1,4 0,36 ± 0,04 23,4 ± 3,9 
ATEC 200 6,4 ± 0,5 0,47 ± 0,04 58,1 ± 9,6 
ATEC 300 6,2 ± 0,6 0,46 ± 0,05 53,7 ± 5,3 
ATEC 400 6,5 ± 0,6 0,31 ± 0,02 32,3 ± 3,6 
TEC 200 6,9 ± 0,4 0,42 ± 0,02 52,4 ± 4,1 
TEC 300 6,4 ± 1,3 0,44 ± 0,07 42,9 ± 8,9 
TEC 400 6,0 ± 1.2 0,26 ± 0,02 26,7 ± 3,1 
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 Water flux  

For all the membranes, the amount of permeated water increased proportionally with time at every 

water supply pressure, indicating the continuous porous structure to transport water through the 

membrane. As shown in Figure 7, the JW of the membranes was linearly raised with increasing the 

water supply pressure. 

 

Figure 7. JW of the PVDF membranes prepared from (a) PVDF / ATBC, (b) PVDF / ATEC, and (c) 

PVDF/TEC systems 

This means that the pore structure is stable and unchanged regardless of the pressure, which should 

be due to enough mechanical strength of the membranes suggested in section 3.3.3. If the membranes 

had had poorer mechanical property, high pressure would have caused the collapse of the porous 

structures to merge plural inside pores into larger ones. If so, the JW would have been abnormally 

high at the high pressure, deviating from the linear relationship (this is not the case with our 

membranes). The data plots shown in Figure 7 were fit to a straight line using the least squares 

regression method. The water permeability of the membrane, PW, corresponding to the slope of the 

line, is listed in Table 6.  

Table 6. Water permeation properties of PVDF membranes  

 

SOLVENT 

KNIFE/PLATE 

GAP 

(m) 

PW 

(×103 L / m2 h bar) 

PW
t 

(L m / m2 h bar) 

ATBC 200 9,20 ± 0,28 0,89 ± 0,03 
ATBC 300 8,87 ± 0,27 1,03 ± 0,03 

ATBC 400 8,23 ± 0,25 1,13 ± 0,03 
    ATEC 200 10,54 ± 0,32 0,99 ± 0,03 

ATEC 300 10,20 ± 0,31 1,14 ± 0,03 
ATEC 400 10,29 ± 0,31 1,53 ± 0,05 

    TEC 200 9,77 ± 0,29 0,88 ± 0,03 

TEC 300 10,29 ± 0,31 1,29 ± 0,04 
TEC 400 9,95 ± 0,30 1,56 ± 0,05 
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In order to fairly compare the water flux for all the membranes, the effect of the thickness should be 

obviated. Then, the thickness-normalized water permeability, PW
t, was calculated by multiplying the 

PW with the membrane thickness, and listed in Table 6.  

Based on the Hagen-Poiseuille flow, the PW
t through a material is expressed as follows:  

PW
t

τη8

rε
2

p
           (7)   

where  is the porosity of the material, rp is the pore radius, is the dynamic viscosity of water, and 

 is the tortuosity of the water transport pathways. The  value represents the degree of geometrical 

complexity of the water transport pathways, which are not perfectly straight but curved and branched. 

The  is defined as L / material thickness, where L is the actual average length travelled by water 

from the feed side to the permeate side. As expressed in Equation (7), the PW
t is determined by the 

three factors, , rp, and .  

As shown in Table 6, the thicker membranes (prepared at a wider knife / plate gap) enhanced the PW
t. 

This could be because the porosity and pore size increased with the membrane thickness, as already 

reported in Table 4. The results from these measurements were then compared with literature data 

reported by Cui et al [19], who performed the water flux test of the PVDF / ATBC membranes 

prepared at a knife / plate gap of 400 m. At a polymer concentration of 15wt%, the JW was reported 

to be 1550 L/m2
 h (at 0.5 bar), 3200 L/m2

 h (at 1.0 bar), 4700 L/m2
 h (at 1.5 bar), respectively. Since 

the thickness was 186 m, the PW
t of Cui’s membrane was calculated to be 0.59 L m/m2

 h bar. This 

value is somewhat lower than the PW
t for our PVDF / ATBC membrane, due to the smaller pore size 

of Cui’s membrane.  

Furthermore, at the same knife / plate gap, the PW
t depended on the type of solvent used. With a gap 

of 300 m, the PW
t was 1.03 L m/m2

 h bar (ATBC), 1.14 L m/m2
 h bar (ATEC) and 1.29 L m/m2

 h bar 

(TEC), respectively. Since these three membranes have similar porosity (56.1 – 58.9%), the increase 

in PW
t was mainly caused by the enlargement of the pore size: ATBC (0.82 m) < ATEC (2.88 m) 

< TEC (4.29 m). However, it is noteworthy that the PW
t of the PVDF / ATBC and PVDF / ATEC 

membranes did not differ to a great extent even though the latter membrane had about 3.5times 

larger pores than the former one. According to Equation (7), the PW
t increases twelvefold if the rp 

increases by 3.5 times. Contrary to this estimation, the PW
t of the PVDF / ATEC membrane was only 

1.1times higher than that of the PVDF / ATBC one. This result could be justified by considering the 

following two factors that relatively increased the PW
t of the PVDF / ATBC membranes. The first 
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factor is the , the geometrical complexity of water transport pathways. Recall that ATBC induced 

LL phase separation, while ATEC and TEC induced SL phase separation. LL phase separation 

was assumed to produce the bicontinuous porous structures [15,16,18] for smooth water 

transportation. This resulted in a lower  for the PVDF / ATBC membranes, leading to the increase 

in the PW
t. The second factor is the contact angle of the membranes. In this water flux test, the bottom 

side of the membrane was contacted to the supplied water. Namely, the bottom and top sides are the 

feed and permeate sides, respectively. The PVDF / ATBC membranes had the flattest surface with 

the lowest contact angle, compared with the PVDF / ATEC and PVDF / TEC ones. Accordingly, 

water can smoothly enter into the PVDF / ATBC membranes for permeation, thereby increasing the 

PW
t. From the results of our study it was revealed that the type of Citroflex solvent used, as well as 

the knife / plate gap, significantly affected the porous structures of the prepared membranes, making 

it possible to widely control their PW
t values.  

2.5 Conclusions  

In this study, we successfully prepared flat PVDF membranes via TIPS using three non-toxic 

Citroflex solvents, namely ATBC, ATEC, and TEC. From the results obtained during these studies 

we could conclude the following:  

 Sol-gel transition temperature measurements revealed that the three solvents had different 

miscibility with PVDF, which increased in the order of ATBC < ATEC < TEC. This miscibility trend 

coincides with that predicted by Hansen solubility theory.  

 SEM analysis showed that the formation of spherulites was observed in the PVDF / ATEC and 

PVDF / TEC membranes, indicating S-L phase separation during the casting process. In contrast, the 

PVDF / ATBC membranes formed only fibrillar structures, indicating L-L phase separation.   

 Pore size of the membranes increased in the solvent order of ATBC < ATEC < TEC. Both pore size 

and porosity increased with a wider knife / plate gap. The dependence of the pore structures on the 

solvent and knife / plate gap was explained by taking into account the phase separation behavior 

during the membrane casting.  

 For all the membranes prepared in this study, the PW
t also varied with both the solvent type and the 

knife / plate gap. The result of PW
t can be explained by taking into account the porosity, pore size, 

and the tortuosity of water transport pathways.  
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This work therefore demonstrates how a detailed analysis of membrane preparation using non-toxic 

solvents can lead to interesting and useful results, which proves the feasibility of the replacement of 

more toxic solvents in the membrane preparation. Finally, the application of the produced membranes 

in microfiltration has also the aim of increasing the sustainability and reducing the environmental 

impact of human activities.  
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Chapter 3. 

Innovative hydrophobic coating of perfluoropolyether (PFPE) on commercial 

hydrophilic membranes for DCMD application 

 

3.1 Introduction 

Fluoropolymers are defined as a class of polymers containing carbon (C) and fluoride (F) atoms. 

Partially fluorinated fluoropolymers contain hydrogen (H) or other atoms such as chlorine (Cl), other 

than C and F. The presence of F provides a wide number of properties such as high thermal and 

chemical stability, increased solvent resistance, photostability, high oxidation resistance and lower 

surface tension (as evidenced by the high repellence towards water) [1-2]. The outstanding properties 

exhibited by fluorinated polymers can be referred to the high electronegativity of the F atom, to the 

low polarizability and to the strong C-F bond induced by the small Van der Waals radius (1.32 Å).  

The most common fluoropolymers available on the market derive from three main monomers: 

tetrafluoroethylene (TFE), vinylidene fluoride (VDF), and chlorotrifluoroethylene (CTFE) [3]. 

Polytetrafluoroethylene (PTFE) was the first fluoropolymer discovered in 1938 (marketed under the 

DuPont Teflon® trademark), and, from that time on, a wide number of fluoropolymers such as 

polyvinylidene fluoride (PVDF), ethylene chlorotrifluoroethylene (ECTFE) and perfluoroalkoxy 

(PFA) have been produced. Nowadays, fluoropolymers represent the preferred choice in a vast area 

of applications ranging from the building (paint and coatings) and the medical (diagnostic devices) 

industry, to the petrochemical, chemical (pumps, diaphragms), aerospace and automotive industry 

(O-rings, gaskets) [4].  Due to their excellent properties, fluorinated polymers, have found a large 

application, also, as membrane materials. In particular, PVDF, thanks to the combination of easy 

processability and superior properties (due to the high level of crystallinity) has been widely used in 

membrane preparation in numerous processes such as microfiltration (MF), ultrafiltration (UF), 

pervaporation (PV) and membrane distillation (MD) [5]. 

Among the family of fluoropolymers, ECTFE, due to its high resistance to corrosive chemicals, 

organic solvents and oxidizing agents, is considered as a very promising material for the preparation 

of membranes functioning under harsh conditions [6-7]. Moreover, thanks to its very hydrophobic 

behaviour, ECTFE porous membranes, have been applied in MD. As a consequence of the increasing 

demand for materials with outstanding properties in terms of resistance and durability, advances in 

polymer technology resulted in the production of novel materials able to overcome some of the 

limitations presented by the traditional fluoropolymers. In this direction, a new class of 

perfluoropolyethers (PFPEs) based compounds has been developed. PFPEs are a class of fluorinated 
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oligomers characterised by perfluorinated carbon units, as –CF2- and -CF2-CF2-, separated by oxygen 

atoms [8]. The use of PFPEs for coatings is considered a very attractive technology for the 

modification of surfaces. In fact, their peculiar characteristics such as high thermal and chemical 

stability, low friction coefficient in addition with their high degree of hydrophobicity, makes them 

highly appreciated when harsh and specific performances are requested. Moreover, PFPEs, are 

soluble in common organic solvents and curable at high or room temperature [9]. 

Bongiovanni et al. [10], for instance, explored the possibility of using two PFPEs bisurethane 

methacrylates as novel additives for the preparation of UV-cured acrylic films. In another recent 

work, Oldani et al. [11] performed a coating of functionalised PFPEs on a film of ceramic oxide 

nanoparticles for the improvement of surface anti-fouling properties.  

During the last two decades, an increasing demand of fluorinated compounds (fluoropolymers, 

fluorinated fluids and fluoroelastomers) has been observed and it is expected to further grow in the 

coming years [12]. A new generation of UV-curable PFPE-(meth)acrylate resins (Fluorolink®) has 

been developed by Solvay Specialty Polymers and specifically designed for the modification of 

surfaces (paper, textile, membranes) and as additives for various polymers. Fluorolink® MD 700, for 

instance, was successfully used by Bertolotti et al. [13] in an interpenetrating polymer network for 

the production of anion exchange membranes to protect air electrodes functioning in aqueous lithium-

air battery configuration. In a recent patent by Sanguineti et al. [14], a coated membrane was prepared 

using different types of Fluorolink® (AD 1700 and MD 700) for water treatment applications by 

membrane distillation. Hydrophobic porous membranes are, in fact, generally applied in DCMD 

configuration and they act as an interphase liquid-vapour at the pores generated by temperature 

difference between the hot feed and the cold permeate. The hydrophobic nature of the membranes 

prevents the wetting of the surface from the aqueous phase, while vapour molecules are allowed to 

migrate and diffuse through the membrane pores. The main membrane materials, used in DCMD 

have been described by Garcìa-Fernàndez et al. [15], and comprising polypropylene (PP), PVDF and 

PTFE. However, the aforementioned membranes are not specifically designed for MD applications 

[16]. The membranes, should meet, in fact, two contradictory requirements: being thick enough to 

provide the adequate mechanical resistance and also to function as a heat conduction barrier; but, on 

the other hand, being as thin as possible to maximize the membrane permeability. In order to 

overcome this controversy, the concept of hydrophobic/hydrophilic dual layer membranes has been 

widely described by M. Khayet et al. [17]. In practice, the advantages of these types of membranes 

are that a thinner hydrophobic layer combined with a hydrophilic sub-layer leads to an increase of the 

flux since the mass transfer resistance decreases. Khayet and Matsuura [18] and Khayet et al. [19], 

for instance, produced porous hydrophobic/hydrophilic composites by using fluorinated surface 
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modifying macromolecules (SMMs) blended with polyetherimide (PEI) polymer for potential 

applications in MD. The membrane formation occurred by phase inversion accompanied with the 

migration of SMMs towards the surface of the membrane and creating, thus, a hydrophobic layer.  

The aim of this work was to produce hydrophobic/hydrophilic coated flat sheet membranes using an 

UV-curable PFPE compound (Fluorolink® AD 1700) by modifying the surface of microfiltration 

hydrophilic polyamide (PA) membranes. Using UV-curable PFPE compounds we can coat whatever 

microfiltration membrane (either hollow fibre or flat sheet) making it highly hydrophobic via UV 

curing while only slightly modifying the surface pores. In this way, membranes with the right 

morphology can be selected “a priori”. An additional advantage of producing 

hydrophobic/hydrophilic coated membranes lies in the possibility of modifying the surface of cheaper 

hydrophilic commercial membranes (such as PA) in comparison to more expensive hydrophobic 

membranes normally applied in MD such as PTFE, ECTFE, PVDF and PP. These membranes are 

usually produced for applications different from MD, are difficult to manufacture and with 

characteristics difficult to optimize and tune [20]. In fact, for example, PTFE porous membranes are 

prepared with a process which involves several steps: first PTFE powder is mixed with a lubricant, 

then the resulting paste is pressed, extruded in the form of flat sheet and after drawn by uniaxial or 

biaxial stretching at 327°C or above [21]. Finally the items are sintered forming a microporous 

structure of nodes interconnected by small fibrils [3,22]. Usually these membranes are very thin and 

must be supported to guarantee the necessary mechanical strength. Actually, they are usually quite 

expensive due to the complexity of the manufacturing process. PP membranes instead are prepared 

via TIPs, stretching or leaching; also in this case the production is costly and it is difficult to control 

the morphology. ECTFE is difficult to process and it is insoluble in most of the solvents at room 

temperature; and therefore must be processed via TIPs [23]. Only PVDF membranes can be 

manufactured via phase inversion at room temperature allowing a certain flexibility in tuning the final 

morphology of the membranes but, on the other hand, PVDF possesses lower hydrophobicity than 

the other materials. The contact angle of the PVDF dense film was around 82° [24]. 

Three different PA membrane pore sizes (0.45, 0.22 and 0.1 μm) and three different Fluorolink® 

concentrations (5, 10 and 20 wt.%) were, then, used and their effect on membrane performances 

studied. 

Prepared membranes were, characterised in terms of surface morphology (SEM and AFM), water 

contact angle, porosity, pore size and liquid entry pressure. Experiments in DCMD configuration 

have been carried out with deionized water for all prepared membranes, and with a salty solution 

0.6M (NaCl) as feed, for one selected optimized membrane. 
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3.2. Experimental 

3.2.1 Materials 

Fluorolink® AD1700 (PFPE backbone Mw = 4000 g mol-1) was supplied form Solvay Specialty 

Polymers S.p.A., Bollate (Italy). Its chemical structure is as follows, RH-CF2O-(CF2CF2O)m-(CF2O)n-

CF2-RH, where RH are urethane (meth)acrylates blocks which, in the case of Fluorolink AD 1700, 

are bifunctional. 2-Propanol (IPA), Butyl acetate, 2-Hydroxy-2-methylpropiophenone (Darocure 

1173), Sodium chloride and Methoxy perfluro butane (HFE7100) were purchased from Sigma and 

used without any further purification. Liquid nitrogen was purchased from Pirossigeno (Italy). 

Polyamide membranes (0.45-0.22-0.1µm) were supplied from Sterlitech (USA). 

3.2.2 Polymeric dope solution preparation 

Fluorolink® AD1700 solution was prepared using different oligomer concentration (5-10-20wt.%). 

Butyl acetate and HFE7100 were used as solvents and Darocure 1173 was used as photo-initiator 

(1wt.%). The solution was stirred for 2h at a room temperature until complete dissolution of the 

oligomers was achieved. This solution was allowed to degas for 30’ before using it. 

3.2.3 Coated membrane preparation by Dip-Coating 

Commercial membranes, used as supporting material, were dipped into the oligomer solution for 10 

min, and dried over-night. The coated membranes were exposed for 5 min at UV lamp (500Watt – 

Purchased from Helios Italquarz s.r.l.). In order to remove the un-polymerized oligomer, the coated 

membrane was washed using a solution of butyl acetate/HFE700 for 10 min.  The membrane was 

then dried in air, and put in an oven, at 40°C, over-night. 

The scheme of the membrane coating preparation is shown in Fig.1. 
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Figure 1. Dip-coating procedure using Fluorolink® AD1700 

 

 

3.3 Membrane characterization  

3.3.1 Scanning Electron Microscopy (SEM) 

The morphology of the coated membranes (cross section, top and bottom side) was observed by using 

the Scanning Electron Microscope (Zeiss EVO, MA100, Assing, Italy). To obtain a clear cross-

section, membranes samples were freeze fractured in liquid nitrogen. Sample specimens were sputter-

coated with a thin gold film prior to SEM observation. 

3.3.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy was used to study the surface morphology and roughness of the prepared 

membranes. The AFM device was a Bruker Multimode 8 with Nanoscope V controller. Data were 

acquired in tapping mode, using silicon cantilevers (model TAP150, Bruker). The coated membrane 

surfaces were imaged in a scan size of 10 µm x 10 µm. 

3.3.3 Contact Angle 

The hydrophilic/hydrophobic nature of the membrane was evaluated using CAM200 as instrument. 

The measurements were performed using ultrapure water (5µL). For all membranes, at least five 

measurements were taken the average value and the corresponding standard deviations were 

calculated. 

3.3.4 Liquid entry pressure of water measurements (LEPw) 

LEPw was measured using a Millipore cell. The maximum pressure operated limit was 4 bar and the 

maximum processing volume was 10mL. The cell diameter was 2.2 cm. To determine the LEPw, the 

cell was filled with water (trans-membrane pressure (TMP)), and the experiments were carried out 

by applying different pressures of nitrogen, which was in contact with the coated side of the 

membrane. LEPw was the TMP value at which the liquid water started to permeate in the other side 

of the cell (kept at atmospheric pressure). For all membranes, at least 5 measurements were taken; the 

average value and the corresponding standard deviation were, then, calculated. 

3.3.5 Porosity 

Membrane porosity was defined as the volume of the voids in the membrane itself, divided by the 

total volume of the membrane. Porosity measurement (Ɛm) was determined in according to the 

gravimetric method. Dry membrane samples were weighed and impregnated in 2-propanol for 24h; 
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before the test, in order to remove the residual liquid, membrane was blotted using tissue paper, and 

after, membranes weight was measured again. Finally, the porosity was calculated applying to this 

formula: 

Ɛ(%) = {
(𝑊𝑤−𝑊𝑑) /𝜌𝑖

(𝑊𝑤−𝑊𝑑)/𝜌𝑖+(
𝑊𝑑
𝜌𝑃

)
} 𝑥 100            (1) 

Where Ww is the weight of the wet membrane, Wd is the weight of the dry membrane, ρi is the 2-

propanol density (0.78 g/cm3) and ρP is the polymer density. For all membranes, three measurements 

were performed; then, the average values and corresponding standard deviation were calculated. 

3.3.6 Bubble point and pore size measurement 

Pore size distribution, largest pore size and bubble point were determined using a PMI Capillary Flow 

Porometer (CFP1500 AEXL, Porous Materials Inc., USA). For each test, membrane samples were 

initially fully wetted using 2-propanol (21.7 dyne/cm) for 24h and placed in the sample holder. Inert 

gas (nitrogen) was fed to the sample with increasing pressure. The operating mode used was wet-

up/dry-up, and the data was analysed using the software Capwin. The measurement of bubble point, 

largest pore size and pore size distribution is based on the Laplace’s equation: 

dp = 4 τ cosθ / P                        (2) 

where dP is the pore diameter, τ is the surface tension of the liquid, θ is the contact angle of the liquid 

(assumed to be 0 in case of full wetting, which means cosθ = 1) and P is the external pressure. The 

results of each test were imported as an excel file using the software Caprep for further processing. 

3.3.7 DCMD experiments 

The membrane module consisted of a cell in which the membrane was placed between two chambers 

(feed and permeate sides). Deionized water was used at the permeate side (cold side), whereas both 

deionized water and salty solution 0.6 M were considered as feed (hot side). The feed was kept in 

contact with the hydrophobic coating layer (active side) and the cold permeate was in contact with 

the hydrophilic side of the membrane. The effective membrane area was 4 cm2. Temperature, 

pressure, and flow-rate were continuously monitored; the feed side was constantly heated (±0.5 °C) 

at the desired feed temperature (40-50-60°C). The cold permeate side was kept at 14±0.5 °C in all 

cases. The bulk feed and permeate temperatures were measured, after steady state was reached, using 

thermocouples. The pressure of the hot and cold side was measured using two manometers (0-1 bar). 

The flow-rate (Q) of the feed and permeate side (80 and 60 L/h, respectively) was measured using 
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ASA flow meters. All experiments were repeated three times and the average values and 

corresponding standard deviation were calculated. 

Water vapor flux (J), through the coated membranes, was defined as the quantity permeated per unit 

of area and per unit of time. The flux was calculated by Eq.3: 

 

J = 
𝑚 (𝑘𝑔)

𝑚2∗ℎ
            (3) 

Where m (kg) was the mass of permeate recovered at the cold side and measured by a balance 

(resolution: 0.1 g), m2 was the membrane area, and h was the operating time. 

After tests on salty solution a total washing with deionized water of the plant was performed until the 

complete elimination of all traces of salt. Finally, a DCMD test with deionized water at Tfeed=50°C 

was carried out to verify the performance of the membrane after the washing step. 

 

3.4 Results and Discussion 

3.4.1 Coated membrane preparation 

Fluorolink® AD1700 dope solution was prepared as reported in section 2.2. The commercial 

polyamide (PA) membranes, having different pore size (0.1; 0.22; 0.45 µm), were used as support. 

The dip-coating procedure was described in section 2.3 

All the coated membranes prepared are reported in Table 1. 

Table 1: Coated Fluorolink® AD1700 membranes prepared using PA commercial membranes as 

support 

Membrane type Pore size 

(µm) 

Oligomer concentration 

(wt%) 

Solvents 

10-P5  

0.1 

5  

 

 

BUTYLACETATE + 

HFE7100 

(70-30wt %) 

10-P10 10 

10-P20 20 

22-P5  

0.22 

5 

22-P10 10 

22-P20 20 

45-P5  

0.45 

5 

45-P10 10 
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45-P20 20 

 

3.4.2 Membranes Characterization 

 SEM, AFM and contact angle analyses 

In order to study the presence of Fluorolink® on membranes surface and the effect on their cross-

section, commercial PA membranes, with and without coating, were analysed using SEM. In Fig.2, 

the cross section, top and bottom side of commercial PA membrane (0.22µm pore size) is reported. 

As it can be seen, the membrane presents a symmetric sponge porous structure.   

  
Fig.2: Morphology of commercial PA membrane (pore size 0.22µm) 

 

The pictures of coated membranes are shown in Fig.3. Looking at the cross sections, it is possible to 

observe as increasing the oligomer concentration (from 5 to 20wt.%) the coated layer becomes more 

visible. Moreover, the coating did not completely close the pore structure of the pristine membranes. 

These results indicate that Fluorolink® coating did not significantly modify the original commercial 

membrane morphology. 
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Figure 3. Morphology of coated polyamide membrane (pore size, 0.22µm) with different 

Fluorolink® AD1700 concentration (5-10-20wt.%) 

 

The membrane surface properties were investigated using AFM. Fig.4 shows the images of PA 

membrane with and without the Fluorolink® treatment. In the Fig.4a are shown the surfaces 

topography of the unmodified commercial PA membrane and of the coating commercial PA 

membranes (5-10-20wt.%), while Fig.4b shows the correspondent 3D views. 

 

Figure 4. AFM images of PA commercial membranes (pore size, 0.22µm) and coated PA 

membranes with of Fluorolink® AD1700 in different concentrations (5-10-20wt.%) 

 

The topography was measured on five different areas of the sample surface and the RMS roughness 

(Sq), roughness average (Sa), and peak to peak value (Sz) were calculated. The obtained data and the 

respectively standard deviation are reported in Table 2. On the basis of the images and the respectively 
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extrapolated data, it was possible to observe that the roughness is constant (average of about 0.22 

µm) up to 10wt.% of Fluorolink® AD1700. Only at 20wt.% of oligomer the roughness value 

drastically dropped to about 0.15 µm. This result is in agreement with the SEM pictures (Fig.5 

20wt.%), the higher concentration of oligomer increases the thickness of the coated layer covering 

the porous structure and reducing the surface roughness.  

Table 2. Surface roughness of PA 0.22 m with and without coating  

Membrane type Roughness average,  Sa (µm) RMS Sq (µm) Peak to peak Sz (µm) 

PA 0.21 ±0.08 0.26 ±0.1 2.01 ±0.8 

PA 5 0.21 ±0.08 0.28 ±0.1 2.36 ±0.5 

PA 10 0.23 ±0.04 0.34 ±0.09 2.71 ±0.6 

PA 20 0.14 ±0.07 0.19 ±0.09 1.91 ±0.07 

 

The same trend in terms of morphology and roughness was also observed for the 0.1 and 0.45 m 

coated membranes. 

Contact angle (CA) measurements also confirmed the presence of Fluorolink® AD1700 on 

membranes surface. Wenzel [25] proposed a phenomenological model for understanding how 

roughness affects wetting: 

cosθm = r cosθy 

where r is the ratio of the actual to projected surface area (r = 1 for a smooth surface and r > 1 for a 

rough surface), and θy is the Young contact angle, which is equal to θm if r = 1. According to this 

equation, hydrophobicity is reinforced by roughness [26]. The CA results for the different membranes 

produced are shown in Fig.5.  
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Figure 5. Contact angle results for Fluorolink® AD1700 coated PA membranes (0.1-0.22-0.45µm 

pore size) 

The results of surface roughness parameters confirm that the coating is present and affects the PA 

membrane surface. Considering the obtained results, it is possible to observe that: 

 CA and roughness increased in case of 5wt.% and 10wt.% of oligomer, and only for 20wt.% 

of oligomer, the roughness decreased. Although the coating PA membranes at 20wt.% of 

Fluorolink® AD1700 have smoother surface compared to unmodified PA membrane, the 

PFPE functional groups introduced on the PA membranes are responsible of their higher 

hydrophobicity. 

 CA increases from 120° to 155° at higher oligomer concentration (from 5 to 20 wt.%). 

Moreover, the increase of the membrane pore size (from 0.1 to 0.45 µm) brings to an decrease 

of the CA for membranes prepared with 5 wt.%, while the opposite is observed for membranes 

prepared with 20 wt.%. This is probably due to the fact that low oligomer concentration (5 

wt.%) penetrates more in the bigger pore size. The effect of the concentration on the CA is 

larger for the 0.45 µm membrane, compared to the 0.1 and 0.22 µm membrane. 

The CA measurements were also conducted during time in order to evaluate the effective stability of 

the coating on membrane surface, as shown in Fig.6. In Fig.6a the commercial PA membrane presents 

a high hydrophylicity being the water drop already absorbed after 5 sec (From 46.27° to 26.3°). On 

the contrary, the data shown in Fig.6b indicate that the coating was stable in time and the water drop 

was not absorbed on membrane surface of the coated membranes. Therefore starting from hydrophilic 

PA membranes with a CA of around ~40°, hydrophobic coating membranes were obtained. 
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Figure 6. Contact angle measurements during time for (a) commercial PA (0.22 m pore size) 

and b) coated PA membranes  

 

 Water Liquid Entry Pressure Measurements (LEPw) 

LEPw measurements indicate the pressure that if applied across the membrane, allows the liquid 

(water) passage through the hydrophobic membrane. LEPw depends on the maximum pore size and 

the membrane hydrophobicity. In fact, membranes with higher CA and smaller pore size show higher 

LEPw. As expected, the highest LEP results were achieved using membranes at 0.1µm, and 

increasing in oligomer concentration. The LEPw values are in the range of 2-3.5 bar. The results of 

LEPw measurements of the commercial PA and coated PA membranes are shown in Fig.7.  
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Figure 7. LEPw measurements of PA membranes and PA membranes (0.1-0.22-0.45µm, pore 

size) coated with Fluorolink®AD1700   

 

The obtained LEPw results are comparable with most of the commercial hydrophobic membranes 

commonly used in MD, as shown in Table 3. 

Table 3. LEPw values of commercially available hydrophobic membranes [27-28] 

Membrane Material Manufacturer Pore size (µm) LEPw (bar) 

TF450 PTFE/PP Gelman  

0.45 

1.38 

HVHP/Durapore PVDF  

Millipore 

1.05 

Gore (PT45) PTFE 2.88 

TF200 PTFE/PP Gelman  

0.20 

2.82 

GVHP/ 

Durapore 

PVDF  

Millipore 

2.04 

Gore (PT20) PTFE 3.68 

 

 Porosity and Pore size measurements 

In Fig.8, it is reported the porosity of the coated PA membranes. Generally, the data indicate that 

porosity decreases at higher oligomer concentration, and with lower pore size of the support 

commercial PA membranes. In fact, comparing the porosity results with the commercial PA 

membranes, without coating, only in case of 20 wt.% of oligomer the porosity decreases more 

significants. This trend was observed for PA membranes at 0.22-0.1µm. Using commercial PA 

membranes at 0.45µm no differences in porosity between membranes, with or without coating, was 

observed. 
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Figure 8. Porosity measurements for Fluorolink® AD1700 coated membranes using PA 

membranes with 0.1-0.22-0.45µm pore size  

 

In Table 4, the pore size data are reported. The coated membranes show similar mean flow pore 

diameter and diameter at maximum pore size distribution than the unmodified membranes 

(commercial PA membranes 0.45-0.22-0.1 µm). This result indicates that the presence of 

Fluorolink does not strongly affect the pore size of the pristine membranes. In fact, increasing the 

oligomer concentration a slight decrease of the pore size is evident in all cases. Moreover, the 

presence of the coating is also noticeable by the bubble point values (largest detected pore diameter), 

that increase at higher oligomer concentration (5-10-20wt.%).  

Table 4. Bubble point and pore size distribution for Fluorolink® AD1700 coated membranes (0.45-

0.22-0.1 µm) 
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DIAMETER 

(µm) 

MEAN 

FLOW 

PORE 

DIAMETER 

(µm) 

DIAMETER AT 

MAXIMUM 

PORE SIZE 

DISTRIBUTION 

(µm) 

Commercial PA 0.45 µm 0.45 1.40 0.55 0.35 

45-P5 0.92 0.7 0.41 0.35 

45-P10 0.87 0.7 0.4 0.30 

45-P20 0.90 0.7 0.35 0.30 

Commercial PA 0.2 µm 0.78 0.79 0.33 0.30 

22-P5 1.20 0.52 0.32 0.30 

22-P10 1.16 0.53 0.30 0.32 

22-P20 1.20 0.50 0.35 0.25 

Commercial PA 0.1 µm 1.72 0.35 0.20 0.20 

10-P5 1.65 0.35 0.28 0.20 
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     Note: The relative standard error is less than 5% in all cases 
 

 DCMD tests 

In order to determine the vapour permeate flux of the prepared Fluorolink® AD1700 coated 

membranes. DCMD experiments were carried out using deionized water and salty solution as feed. 

The hydrophobic coated side of the membrane was in contact with the hot feed, whose temperature 

was varied from 40°C to 60°C. while the hydrophilic PA side of the membrane was in contact with 

cold water at fixed temperature of 14°C. In Fig.9, the results of the DCMD tests with deionized water 

as feed are reported varying the concentrations of oligomer used on the commercial PA membranes 

and the temperatures of the feed side.  
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Figure 9. DCMD results for Fluorolink ® AD1700 coated membranes using polyamide of different 

pore size: a) 0.1µm; b) 0.22 µm and c) 0.45 µm; 

 

In all cases. the flux increased with the feed temperature as expected [16]. It also decreased with the 

Fluorolink ® AD1700 concentration for the 0.22 µm and 0.45 µm pore size membranes, while it was 

almost constant for the 0.1 m membrane. This result could be justified by considering the smaller 

pore size of the membranes. Fluorolink® concentrations of 5 and 10wt% might occlude in a similar 

way the inner of pore keeping constant the flux. 

Furthermore, coating made on the 0.22 and 0.1 µm membranes with 20wt% of Fluorolink® did not 

allow to obtain appreciable trans-membrane fluxes, probably due to a significant occlusion inside the 

pores.  
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The maximum value of the permeate flux was around 22 kg/m2h at 60 °C and 5wt% oligomer coating 

on the 0.45 m PA membrane. Moreover, it is possible to observe that the flux decrease, decreasing 

the pore size of the commercial PA membranes, from 0.45 to 0.1 micron, as shown in Fig.10.  

 
Figure 10. DCMD summary results for Fluorolink® AD1700 coated membranes using 10wt.% 

of oligomer concentration 

 

Fig.11 shows the trend of the permeate flux in time for the 5wt% oligomer coating on the 0.45 m 

PA membrane at Tfeed=50°C. The time dependence of flux is a sort of “stabilization time” of the 

system. Being the membrane area quite small (4 cm2), the amount of water vapor that evaporates and 

condenses is low, and the time to reach the steady-state condition is long. From the graph it is possible 

to observe that after 110 minutes the permeate flux reaches an asymptotic value of around 16 kg/m2h 

for all three tests carried out, that means a good reproducibility. Moreover, the membrane results to 

be stable after 90 minutes (3 tests of 3 h each) of operation.   
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Figure 11. Trend of the permeate flux in the time; 5wt% oligomer coating on the 0.45 m PA 

membrane;  Tfeed=50°C; Qfeed= 80L/h; Tp=14°C; Qp=60 L/h. 
 

In Fig.12 a comparison, at the same operating conditions, among the permeate fluxes obtained when 

deionized water and salty solution are feed is reported.  

Concerning the test with deionized water, Fig.11 shows that after 110 minutes of unsteady state there 

is a stabilization of the flux at around 16.6 kg/m2h whereas for test with salty solution a lower constant 

value of 11 kg/m2h was obtained as flux, due to the lower water activity. It has to be also noticed that 

variations in flux feeding the salty solution are more significant. This could be attributed to the low 

resolution of the balance used (0.1 g) whose performance can be affected by a lower quantity of 

permeate produced. The values obtained in case of salty solution as feed were lower than those of 

deionized water due to the lower water activity. 
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Figure 12. Comparison among permeate fluxes as function of different feed (deionized water and 

salty solution 0.6 M); 5wt% oligomer coating on the 0.45 m PA membrane; Tfeed=50°C; Qfeed= 

80L/h; Tp=14°C; Qp=60 L/h 

 

After tests a washing step was necessary to restore the initial performance of the membrane as shown 

in Fig.13 where a comparison among the permeate fluxes before and after the test with salty solution 

is reported. It can be noticed that the membrane was able to recover its original performance after the 

washing step. 

 

 
Figure 13. Trend of permeate fluxes before and after the washing step; Tfeed=50°C; Qfeed= 80L/h; 

Tp=15°C; Qp=60 L/h. 
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Fig.14 shows the trend of the salt rejection in time for tests with salty solution: after 15 hours the 

value is almost constant and around at the average value of 99.6%. 

 

Figure 14. Trend of salt rejection in time; Tfeed=50°C; Qfeed= 80L/h; Tp=15°C; Qp=60 L/h. 

 

The obtained DCMD results are comparable with those reported in literature for fluorinated flat 

hydrophobic membranes, as shown in Table 5. 

 

Table 5. DCMD values of hydrophobic membranes reported in literature 

Membrane 

type 

Pore size 

(µm) 

Solution Tf 

 (°C) 

Feed 

velocity 

(m/s) 

J  

(kg/m2h) 

Ref. 

PVDF 0.22 Pure water 50 1.8-2.3 ~ 18–20 

l/m2h 

[29] 

PVDF 0.22 Pure water 40–70 0.23 ~7–33 l/m2h [29] 

PVDF 0.22 Pure water 40–70 0.1 ~3.6–16.2 [30] 

PTFE 0.2 Pure water 40-70 - ~5.8–18.7 [31] 

PVDF 0.4 Pure water 36-66 0.145 ~5.4–36 [32] 
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3.5 Conclusions 

Novel membranes by coating the hydrophobic Flurolink® AD 1700 on commercial hydrophilic PA 

membranes were prepared by dip-coating technique followed by photo-polymerization process. The 

use of different oligomer concentrations (5. 10 and 20 wt.%) and different commercial PA membrane 

pore sizes (0.1. 0.22 and 0.45 μm) has been investigated. The characterization results proved that the 

novel coating has been successfully added on the membranes. In particular. the hydrophobic coating 

did not change the original membrane morphology preserving the porous structure of the supporting 

PA membrane. On the other hand. the coating drastically increased the hydrophobicity of the 

membrane leading to the production of super-hydrophobic membranes made up of a thin highly 

hydrophobic layer (contact angle up to 150° in the best case) and a porous hydrophilic sub-layer 

(contact angle of about 45°) which acts as a mechanical support. The increasing concentration of 

oligomer (from 5 to 20 wt.%) determined an increase in LEPw values (due to the higher 

hydrophobicity of the membrane) and a decrease in membrane porosity (due to a partial penetration 

of the coating within the membrane sub-layer). Pore size measurements of the coated membranes 

reported an increase in bubble point pressure (up to 2.05 bar) in comparison to pristine commercial 

PA membranes due to the reduction of the biggest pores of the membrane. However. the mean pore 

diameter of the PA membrane was preserved and not influenced by the coating even when higher 

concentration of oligomer (20 wt.%) was adopted. DCMD tests demonstrated the stability of the 

coating in time (about 11h) and the good performance of the membranes. During tests with deionized 

water. membranes prepared with the lower concentration of oligomer (5 wt.%) presented the highest 

values of permeate flux (about 22 Kg/m2h at 60°C and 16.6 Kg/m2h at 50°C ). The flux was also 

positively influenced by increasing the temperature (from 40 to 60°C) and the pore size (from 0.1 to 

0.45 μm) of the commercial PA membranes.  

Regarding the test carried out with salty solution as feed (0.6 M) at Tfeed=50°C. a high rejection 

(99.3% after 15 hours of process) and permeate flux of 11 kg/m2h were obtained. Moreover the 

membrane was able to recover to its original performance after washing. 
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Chapter 4. 

Development of a novel perfluoropolyether (PFPE) hydrophobic/hydrophilic coated 

membranes for water treatment application 

4.1 Introduction 

Thanks to the great technological advancement, membrane separation processes have become an 

emerging technology for the treatment of water in different fields, such as wastewater treatment, oily 

wastewater treatment, desalination etc. In fact, the re-use of wastewater and water desalination from 

sea and inland saline aquifers represents a problem in growth. Moreover, demand of fresh water is 

required by different sectors such as agriculture, livestock, food production and industrial output. The 

growing attention to the environment, leads to develop an appropriate water treatment techniques in 

order to ensure a sustainable freshwater [1]. Near the commonly membranes preparation techniques, 

several studies focus the attention in order to achieve high-performance membranes, and a new way 

is the preparation of tailored membranes via coating technique. These novel membranes are a perfect 

fusion between the useful properties of the base membrane and the novel functional polymer (layer) 

[2]. In fact, an important advantage of the composite membranes is that, the top-separating layer is 

formed in situ and hence the chemistry and performance of the top and bottom substrate can be 

independently studied and modified to maximize the overall membrane performance [2,3]. Much of 

the research, that has been done up to improve membrane performance for aqueous applications, has 

centered on both changing the chemistry or morphology of the selective layer and measuring its flux 

and selectivity. Several methods can be used in order to prepare coated membranes, as solution 

coating or polymerization reactions [4]. Hydrophilic and hydrophobic membrane surface 

modifications were used in different fields; in particular surface hydrophilization is beneficial, for all 

those polymeric materials that are applied in aqueous systems, e.g. in order to control the fouling 

[5,6] while hydrophobilization can be necessary in case of pervaporation (PV), VOCs’ recovery, or 

in membrane distillation (MD) [7,8]. Hydrophobilization processes often involves several step, such 

as plasma polymerization, grafting or interfacial polymerization [9,10]. Several authors reported 

different methods in order to modified membranes from hydrophilic to hydrophobic, for MD 

applications. In particular, the concept of composite hydrophilic/hydrophobic membranes, using 

fluorinated modified macromolecules (SMM)  was firstly introduced by Khayet et al. [11], and 

applied in DCMD process. Recently, Shaulsky et al. [12] reported a versatile approach using 

Poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) to produce a highly porous electrospun 

fiber mat, coated with Poly(vinylidene fluoride) (PVDF) that are enabled to control the membrane 
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pore size, and tested in direct contact MD experiments with 40 °C temperature. Zhao et al., produced 

high DCMD hydrophobic PVDF membranes by depositing fluorographite particles on the membrane 

surface [13]. Poly(vinylidene fluoride) (PVDF) flat sheet nano-composite membranes using SiO2 

nano-particles, were surface modified by coating with electro-spun PVDF nanofibres to increase the 

surface hydrophobicity by Efome et al. [14]. Composite hollow fiber membranes for vacuum 

membrane distillation were produced by Tong et al. [15], by coating a copolymer (Hyflon AD60) of 

tetrafluoroethylene (TFE) and 2,2,4-trifluoro-5-trifluoro methoxy-1,3-dioxole (TTD) on PVDF 

membranes. In fact, the hydrophobicity of the membrane material play a crucial role in MD, inasmuch 

prevents that the liquid solution penetrate into the pore structure of the membrane [16] and an increase 

in surface hydrophobicity increase the wetting resistance [17,18]. In fact, despite typically materials 

using in MD are hydrophobic polymer, such as Polypropylene (PP), PVDF, and 

Poly(tetrafluroethylene) (PTFE), are not specifically designed for MD applications [7,19,20]. 

Moreover, some coating methods are not easy to produce on an industrial scale.  

In this work a novel easy method was presented, in order to produce hydrophobic or super 

hydrophobic and oleophobic coated membranes, starting from hydrophilic commercial membranes. 

Flurolink® Perfluoropolyethers (PFPEs) compounds UV or thermally cross-linkable, produced by 

Solvay Specialty Polymers, were used as coating materials [21]. These materials are based on bi-

functional perfluoropolyether structure, perfluorinated carbon units, as –CF2– and –CF2–CF2–, 

separated by oxygen atoms [22], with a high molecular weight. Their properties including water/oil 

repellence, better chemical resistance, low coefficient of friction and high degree of hydrophobicity. 

Bongiovanni et al., studied the possibility of using two PFPEs bis-urethane methacrylates as novel 

additives for the preparation of UV-cured acrylic films [23], and in other work reported modification 

surface of cellulose using a highly fluorinated acrylic monomer, characterized by a long 

perfluoropolyether chain [24]. In a recent work, Figoli et al.[7], studied the effect of different 

Fluorolink® AD1700 concentrations (5, 10 and 20wt%) as coating materials, using polyamide PA 

(0.45, 0.22 and 0.1 μm) as starting material, for DCMD.  In this work, Fluorolink® MD700 was used 

as coating materials on two different commercial hydrophilic membranes: PA, and polyethersulfone 

(PES), at three different pore size (0.45, 0.22 and 0.1 μm). This materials have been recently applied 

by Bertolotti et al. [25],  in an interpenetrating polymer network for the production of anion exchange 

membranes to protect air electrodes functioning in aqueous lithium-air battery configuration. Respect 

to Fluorolink® AD1700, the functional group of Fluorolink® MD700 consisting in (Meth) Acrylates, 

which make them more cross-linkable and consequently more stable in time. Fluorolink® MD700 

coated membranes were simply produced by dip-coating and in situ polymerization. The influences 
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of starting material (PA-PES), was initially studied in terms of water/oil repellence by a contact angle 

measurements. Prepared membranes were characterized in terms of surface morphology (EPMA and 

AFM), porosity, pore size, liquid entry pressure and mechanical tests. Coating stability was evaluated 

during time using salty solution NaCl 0.6M and with chemicals cleaning agents (KMnO4 0.1wt%, 

Hypochlorite NaClO pH 4.25, HCl pH 2.5, NaOH pH 11.5). Experiments in DCMD were carried out 

in order to evaluated membranes performance. 

4.2. Experimental 

4.2.1 Materials 

Fluorolink® MD700 (PFPE backbone Mw = 1500 g mol-1) was supplied form Solvay Specialty 

Polymers S.p.A., Bollate (Italy). Its chemical structure is reported in Fig. 1. Butyl acetate, 2-Propanol 

(IPA), 2-Hydroxy-2-methylpropiophenone (Darocure 1173), KMnO4, NaClO, NaOH, HCl, 

hexadecane C16 and Sodium chloride were purchased from Sigma-Aldrich and used without any 

further purification. Liquid nitrogen was purchased from Pirossigeno (Italy). Polyamide PA, and 

Polyethersulfone PES (0.1-0.22-0.45µm) were supplied from Sterlitech (USA). 

 

Figure 1: Chemical structure of Fluorolink® MD700  

 

4.2.2 Polymeric dope solution preparation 

Fluorolink® MD700 solution was prepared using 5wt.% of oligomer concentration. Butyl acetate 

was used as solvents and Darocure 1173 was used as photo-initiator (1wt.%). The solution was stirred 

for 2h at a room temperature until complete dissolution of the oligomers was achieved. This solution 

was allowed to degas for 30’ before using it. 

4.2.3 Coated membrane preparation by Dip-Coating and In-situ polymerization 

Commercial membranes, used as supporting material, were dipped into the oligomer solution for 10 

min, and dried over-night. The coated membranes were exposed for 5 min at UV lamp (500Watt - 

Purchased from Helios Italquartz LTD), in order to activate the photo-initiator in polymerization 

reaction. The un-polymerized oligomer was removed washing the coated membranes using a solution 

of butyl acetate for 10 min.  The membranes were then dried in air, and put in an oven, at 40°C, over-

night. 

The scheme of the membrane coating preparation is shown in Fig.2. 
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Figure 2. Dip-coating/ In situ polymerization procedure using Fluorolink® MD700 

 

4.3 Membrane characterization  

4.3.1 Electron Probe Microanalyzer (EPMA) 

The morphology of the coated membranes (cross section, top and bottom side) was observed by using 

the Electron Probe Microanalyzer (EPMA) (JXA-8230, Jeol, USA). To obtain a clear cross-section, 

membranes samples were freeze fractured in liquid nitrogen. Sample specimens were sputter-coated 

with a thin graphite film prior to observation. 

4.3.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy was used to study the surface morphology and roughness of the prepared 

membranes. The AFM device was a Bruker Multimode 8 with Nanoscope V controller. Data were 

acquired in tapping mode, using silicon cantilevers (model TAP150, Bruker). The coated membrane 

surfaces were imaged in a scan size of 10 µm x 10 µm. 

4.3.3 Contact Angle  

The hydrophilic/hydrophobic and oleophobic nature of the membrane was evaluated using CAM200 

as instrument. The measurements were performed using ultrapure water (72,1 mN m-1), and 

hexadecanoic acid C16  (28,1 mN m-1) (5µL).  For all membranes, at least five measurements were 

taken the average value and the corresponding standard deviations were calculated. 

4.3.4 Liquid entry pressure of water measurements (LEPw) 
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LEPw set-up was described in Figoli et al. [7] (section 2.4.4.). To determine the LEPw, the cell was 

filled with water (trans-membrane pressure (TMP)), and the experiments were carried out by applying 

different pressures of nitrogen, which was in contact with the coated side of the membrane. LEPw 

was the TMP value at which the liquid water started to permeate in the other side of the cell (kept at 

atmospheric pressure). For all membranes, at least 5 measurements were taken; the average value and 

the corresponding standard deviation were, then, calculated. 

4.3.5 Porosity 

Membranes porosity was calculated by measuring the void fraction, i.e., is the volume of the pores 

divided by the total volume of the membrane, by the gravimetric method reported in literature 

[7,27,28]. Dry membrane samples were weighed and impregnated in 2-propanol for 24h; before the 

test, in order to remove the residual liquid, membrane was blotted using tissue paper, and after, 

membranes weight was measured again. Finally, the porosity was calculated applying to this formula: 

Ɛ(%) = {
(𝑊𝑤−𝑊𝑑) /𝜌𝑖

(𝑊𝑤−𝑊𝑑)/𝜌𝑖+(
𝑊𝑑
𝜌𝑃

)
} 𝑥 100            (1) 

Where Ww is the weight of the wet membrane, Wd is the weight of the dry membrane, ρi is the 2-

propanol density (0.78 g/cm3) and ρP is the polymer density (PA 1.13 g/cm3- PES 1.37 g/cm3). For 

all membranes, three measurements were performed; then, the average values and corresponding 

standard deviation were calculated. 

4.3.6 Bubble point and pore size measurement 

The mean pore size, bubble point and distribution in coated membranes were determined using a PMI 

capillary flow porometer (Porous Materials Inc., CFP 1500, A6XL, USA). 2-propanol was used as 

wetting liquid (21.7 dyne/cm). The operating mode used was wet-up/dry-up method. The 

measurement of bubble point, largest pore size and pore size distribution is based on the Laplace’s 

equation: 

dp = 4 τ cosθ / P                        (2) 

where dP is the pore diameter, τ is the surface tension of the liquid, θ is the contact angle of the liquid 

(assumed to be 0 in case of full wetting, which means cosθ = 1) and P is the external pressure.  

4.3.7 Mechanical tests 

The Young’s or elastic modulus (Emod), the tensile stress at break (Rm) and breaking elongation or 

stress at break (eBreak) were measured by means of a ZWICK/ROELL Z 2.5 test unit. Each sample 
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was stretched unidirectionally at a constant rate of 5 mm/min; the initial distance between the clamps 

was of 50 mm. Five specimens were tested for each sample. 

4.3.8 Coating stability 

Coating stability was evaluated by exposing membranes at different hard conditions, some of these, 

usually used as cleaning procedures [29]. Samples were kept totally immersed in one of the following 

solution: NaCl 0.6M, KMnO4 0.1wt%, Hypochlorite NaClO pH 4.25, HCl pH 2.5, NaOH pH 11.5. 

Coating stability in NaCl, was evaluated during time. CA measurements was carried out every 7 days 

for 4 weeks. Salty solution was used in order to investigate the membranes strength for desalination 

treatment. Coating stability in chemicals cleaning agents was evaluated with different protocols: 

concerning KMnO4 0,1wt%, membranes were immersed for 1h. After this time, membranes were 

washed and dried. Membranes treatment in NaClO, HCl and NaOH were conducted overnight, and 

after this time were washed using hot water (60°C) for three times and dried.  

After each treatments, the presence and stability of the coating was analysed by water contact angle 

measurements. Before each test, membrane was washed using deionized water and dried. 

 

4.3.9 DCMD experiments 

The membrane module consisted of a cell in which the membrane was placed between two chambers 

(feed and permeate sides). Deionized water was used at the permeate side (cold side), and as feed (hot 

side). The feed was kept in contact with the hydrophobic coating layer (active side) and the cold 

permeate was in contact with the hydrophilic side of the membrane. The effective membrane area 

was 4 cm2. The cold permeate side was kept at 14±0.5 °C, while the feed side was constantly heated 

(±0.5 °C) at the desired feed temperature (40-50-60°C). The bulk feed and permeate temperatures 

were measured, after steady state was reached, using thermocouples. The pressure of the hot and cold 

side was measured using two manometers (0-1 bar). The flow-rate (Q) of the feed and permeate side 

(80 and 60 L/h, respectively) was measured using ASA flow meters. The DCMD set-up was reported 

in Fig. 3. All experiments were repeated three times and the average values and corresponding 

standard deviation were calculated. 

Water vapor flux (J), through the coated membranes, was defined as the quantity permeated per unit 

of area and per unit of time. The flux was calculated by Eq.3: 

 

J = 
𝑚 (𝑘𝑔)

𝑚2∗ℎ
            (3) 
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Where m (kg) was the mass of permeate recovered at the cold side and measured by a balance 

(resolution: 0.1 g), m2 was the membrane area, and h was the operating time. 

 
Figure 3. DCMD set-up 

 

4.4. Results and discussion 

4.4.1 Coated membrane preparation 

Fluorolink® MD700 dope solution was prepared as reported in section 4.2.2. The commercial 

polyamide (PA), and polyethersulfone (PES) membranes, having different pore size (0.1; 0.22; 0.45 

µm), were used as support. The dip-coating/ in-situ polymerization procedure was described in 

section 4.2.3. The photopolymerization kinetic, reported by Vitale et al. [26] shows that in 

correspondence of the highest conversion, PFPE methacrylate gives a fully crosslinked material 

where the residual presence of uncured monomers is negligible (gel content = 97%).  

All the coated membranes prepared are reported in Table 1. 

Table 1: Coated Fluorolink® MD700 membranes prepared using PA and PES commercial 

membranes as support 

Membrane type Material Pore size 

(µm) 

Oligomer concentration 

(wt%) 

Solvent 

COATED PA-01 PA  

0.1 

 

5 

 

 

 

BUTYLACETATE  

 

COATED PES-01 PES 

COATED PA-22 PA  

0.22 

 

5 COATED PES-22 PES 

COATED PA-45 PA  

0.45 

 

5 COATED PES-45 PES 
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4.4.2 Membranes Characterization 

 EPMA, AFM and contact angle analyses 

Morphology of the commercial PA and PES membranes, with and without coating, were analysed 

using Electron Probe Microanalyzer. In order to study the presence of Fluorolink® MD700, in Fig. 

4, the cross section and top side of commercial membranes (a), and cross section and top side of the 

coated membrane (b), is reported. As it can be seen, commercial PA and PES membranes present a 

sponge porous structure.  

Figure 4. Morphology of PA and PES membranes with (A1-F1) and without (A-F) coating at 

different pores size (pore size 0.10-0.22-0.45µm) 

 

The pictures of coated membranes show that the coating did not completely cover the pore structure 

of the starting membranes. However, looking at the cross sections, it is possible to observe the 

presence of the coating layer, in all cases. This result is more visible when membrane with pore size 

of 0.1µm were used (Fig. 4, A and D), in fact the thickness increases from 110 to 125 µm for PA 

membranes, and from 152 to 161 µm for PES membranes. 

The membrane surface properties were investigated using AFM. The topography was measured on 

five different areas of the sample surface and the RMS roughness (Sq), roughness average (Sa), and 
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peak to peak value (Sz) were calculated. The obtained data and the respectively standard deviation 

are reported in Table 2.  

Table 2: Surface roughness of PA and PES (0.1-0.22-0.45m) with and without coating 

Membranes Material 
Roughness average  Sa 

(µm) 
RMS Sq (µm) 

Peak to peak Sz 

(µm) 

Commercial PA 0.1 µm 

PA 

0,07 ± 0,01 0,09 ± 0,01 1,07 ± 0,26 

COATED PA-01 0,10 ± 0,1 0,17 ± 0,1 1,71 ± 0,13 

Commercial PA 0.2 µm 0,11 ± 0,01 0,14 ± 0,01 1,11 ± 0,13 

COATED  PA-22 0,13 ± 0,2 0,17 ± 0,2 1,55 ± 0,1 

Commercial PA 0.45 

µm 

0,21 ±0,08 0,26 ±0,1 

2,01 ±0,8 

COATED  PA-45 0,15 ± 0,02 0,21  ± 0,04 2,06  ± 0,6 

Commercial PES 0.1 

µm 

PES 

0,03 ± 0 0,04 ± 0 0,44 ± 0,12 

COATED  PES-01 0,03 ± 0 0,03 ± 0 0,38 ± 0,02 

Commercial PES 0.2 

µm 

0,06 ± 0 0,10 ± 0 0,98 ± 0 

COATED  PES-22 0,06 ± 0 0,08 ± 0 0,78 ± 0,07 

Commercial PES 0.45 

µm 

0,06 ± 0 0,08 ± 0 0,79 ± 0,06 

COATED  PES-45 0,06 ± 0 0,08 ± 0 0,78 ± 0,07 

 

Based on the images, shown in fig.6, and the data reported in Table 2, it was possible to observe that: 

- The roughness increases when PA membranes with pore size of 0.1 and 0.22 were used as starting 

materials. 

- In all cases, when membranes at 0.45 µm (PA and PES) were used as starting materials, the coating 

layer did not modified the roughness. 

- The roughness of the PES membranes (0.1-0.22-0.45 µm), has not been affected by the coating 

layer. In all cases the surface was smooth (RMS Sq from 0.10 to 0.03 µm). 
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Figure 6. a) AFM images of PA commercial membranes (0.1-0.22-0.45µm) and coated PA 

membranes with of Fluorolink® MD700; b) AFM images of PES commercial membranes (0.1-

0.22-0.45µm) and coated PES membranes with of Fluorolink® MD700 

 

Contact angle (CA) measurements confirmed the presence of Fluorolink® MD700 on membranes 

surface. Water/oil repellence was studied by measuring the contact angle of the substrate with water 

and hexadecanoic acid C16 as liquids. Correlation of CA and roughness was analysed according to 

Wenzel equation [30]: 

Cos θ* = Cos θ x r            (4) 

Where θ is the Young’s angle and r the surface area of the solid.  
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According to this equation, hydrophobicity is reinforced by roughness [31]. The water CA results for 

the different membranes produced are shown in Fig.5. The wettability of the membranes does not 

change over time, as already reported by Figoli et al [7]. Looking at the graphs it is possible to  

 

Figure 5. a) Contact angle for PA membranes (0.1-0.22-0.45µm) with and without coating; b) 

Contact angle for PES membranes (0.1-0.22-0.45µm) with and without coating 

 

observe that in all cases, starting from hydrophilic commercial membranes, hydrophobic coated 

membranes were obtained. Water CA, was up to 140° for PA coated membranes, and up to 100° for 

PES coated membranes. The low CA obtained for PES coated membranes, could depend by the 

photo-degradation of the PES membranes during the UV treatment [32]. According to EPMA images 

(fig.4 A and D), higher contact angle was obtained using membranes at 0.1µm, this result could be 

explained by the thicker coated layer, that increases the presence of PFPE on membrane surface. 
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Contact angle results using hexadecane C16 is reported in Table 3. 

Table 3. Contact angle results vs hexadecane C16 of PA and PES membranes with and without coating 

Membranes Contact angle (C16) 

Commercial PA 0.1 µm 33 ± 0,5 

COATED PA 0.1 µm 96,1 ± 0,9 

Commercial PA 0.22 µm 34 ± 0,7 

COATED PA 0.22 µm 91 ± 1,4 

Commercial PA 0.45 µm 32 ± 1,5 

COATED PA 0.45 µm 93 ± 1,8 

Commercial PES 0.1 µm 28 ± 1 

COATED PES 0.1 70 ± 0,9 

Commercial PES 0.22 µm 27 ± 1,4 

COATED PES 0.22 72,5  ± 1,4 

Commercial PES 0.45 µm 27 ± 0,8 

COATED PES 0.45 68 ± 1,2 

 

The results confirmed that the coating treatment increases the oleophobicity of the membranes, in 

particular a CAC16 around 96° was obtained for Fluorolink®MD700 PA 0.1 µm membrane. Coated 

membranes are both hydrophobic and oleophobic: in all cases water contact angle was higher than 

90° and the angle with hexadecane C16, indicate good oleophobicity [26]. 

 Liquid entry pressure of water measurements (LEPw) 

LEP is defined as the pressure difference at which the liquid wets the hydrophobic membrane, its 

value depends on the maximum pore size and the membrane hydrophobicity. As expected, the highest 

LEP results were achieved using membranes at 0.1µm. The LEPw values are in the range of 4-3 bar 

for PA coated membranes and in the range of 4-1,9 for PES coated membranes. The results of LEPw 

measurements of the commercial PA and PES and related coated membranes are shown in Fig.6. 
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Figure 6. a) LEPw measurements of PA membranes and PA membranes (0.1-0.22-0.45µm, pore 

size) coated with Fluorolink®MD700; b) LEPw measurements of PES membranes and PES 

membranes (0.1-0.22-0.45µm, pore size) coated with Fluorolink®MD700 

 

 Porosity and Pore size measurements 

In Fig.7, the porosity of the coated PA and PES membranes are reported. The data show a lower 

decrease of porosity for the coated membranes. This trend was more evident when PES commercial 

membranes were used as support. Using commercial membranes at 0.45µm no differences in porosity 

between membranes, with or without coating, was observed, probably because parts of the coating 

penetrates inside of the bigger pore size. 
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Figure 7. a) Porosity measurements for PA membranes (0.1-0.22-0.45µm); b) Porosity 

measurements for PES membranes (0.1-0.22-0.45µm), with and without Fluorolink® MD700  

 

Table 4 shows the pore size analysis. The coated membranes show similar mean flow pore diameter 

and diameter at maximum pore size distribution than the unmodified membranes (commercial PA 

and PES membranes 0.45-0.22-0.1 µm). The mean pore size remains unchanged also when the 

thickness increases (PA 0.1 µm, from 110 to 125, and PES 0.1 µm, from 152 to 161 µm); this result 

suggests that the coating layer, even when the top layer increases, does not affect the pores size. The 

presence of the coating is only noticeable by the bubble point values, that increase after the treatments, 

in fact looking at the data, it is possible to observe that the largest detected pore diameters are partially 

covered. 

Table 4: Bubble point and pore size distribution for Fluorolink® MD700 PA and PES coated 

membranes (0.1-0.22-0.45µm) 

Membranes 
Thickness 

(µm) 

Bubble 

point (bar) 

Largest 

detected pore 

diameter 

(µm) 

Mean flow 

pore 

diameter 

(µm) 

Diameter at 

maximum pore 

size distribution 

(µm) 

Commercial PA 0.1 µm 110 ± 3 1,72 0,35 0,20 0,20 

COATED PA-01 125 ± 3 1,60 0,38 0,18 0,17 

Commercial PA 0.2 µm 124 ± 2 0,78 0,79 0,33 0,30 

COATED PA-22 123 ± 3 1,51 0,40 0,33 0,27 

Commercial PA 0.45 µm 114 ± 4 0,45 1,40 0,55 0,35 

COATED PA-45 116 ± 1 1,39 0,44 0,35 0,35 

Commercial PES 0.1 µm 152 ± 2 2,15 0,27 0,17 0,17 

COATED PES-01 161± 4 2,08 0,29 0,16 0,16 

Commercial PES 0.2 µm 124 ± 3 1,44 0,43 0,33 0,32 

COATED PES-22 122 ± 0,5 1,65 0,37 0,33 0,14 

Commercial PES 0.45 µm 141 ± 3 0,87 0,71 0,49 0,42 

COATED PES-45 142 ± 5 1,30 0,48 0,40 0,33 
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*the error was less 5% in all cases 

 Mechanical tests 

In order to evaluate if the coating treatment affected the mechanicals properties of the membranes, 

mechanical tests were carried out. The obtained data were reported in Table 5. The data show that in 

all cases the Young Moduls (elastic modulus, N/mm2), defined as the relationship between stress and 

strain, decrease for the coated membranes, although maintaining higher values. This result indicates 

that the membranes elasticity did not change in comparison with pristine membranes. Elongation at 

break (ɛ Break), also known as fracture strain, is the ratio between changed length and initial length 

after breakage of the sample. It expresses the capability of a material to resist changes of shape 

without crack formation. Compared the obtained results for PA and PES membranes, mechanical 

properties are also not modified by the coating treatment. 

Table 5: Young moduls, tensile-strenght and ɛ Break for Fluorolink® MD700 PA and PES coated 

membranes (0.1-0.22-0.45µm) 

Membranes Material 

 

Young moduls 

(N/mm2) 

 

Tensile-strength 

(N/mm2) 

ɛ Break 

(%) 

Commercial PA 0.1 µm 

 

602 ± 12 25 ± 2 30 ± 6  

COATED PA-01 446 ± 50 18 ± 0,6  21 ± 4 

Commercial PA 0.2 µm 464 ± 41 18 ± 2 23 ± 4 

 COATED PA-22 340 ± 17 10 ± 1 19 ± 4 

Commercial PA 0.45 µm 411 ± 20 16 ± 2 45 ± 1,5 

COATED PA-45 372 ± 15 13 ± 0,3 50 ± 3 

Commercial PES 0.1 µm 

PES 

148 ± 10 4 ± 0,4 19,6 ± 4  

COATED PES-01 110 ± 0,9 5,5 ± 0,2  30 ± 2 

Commercial PES 0.2 µm 192 ± 8 6 ± 0,3 27 ± 0,3 

COATED PES-22 183 ± 13 7 ± 0,2 34 ± 3 

Commercial PES 0.45 µm 130 ± 1 4 ± 0,2 26 ± 4 

COATED PES-045 115± 5 4 ± 1 28 ± 2,4 

 

 Coating stability 

Coating stability was evaluated by exposing coated membranes at NaCl 0.6 M, as typical feed in 

desalination treatment, and at several common chemical cleaning agents, including caustic (NaOH 

pH 11.5), acidic (HCl pH 2.5; HClO pH 4,25), oxidative (KMnO4 1wt.%) and disinfectants (NaClO 

pH 4,25) [33]. The results were showed in fig.8 and fig.9. 

Treatment in NaCl 0.6M 

Fig.8 show the CA results, after treatment in salty solution. Looking the data, it is possible to observe 

that for PA coated membranes, the treatment in salty solution did not affected the contact angle during 

time. On the contrary, for PES coated membranes, contact angle decreases depending of the pore size, 
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from 125° to 101° for PES-01, from 120° to 96° for PES-022 and from 105° to 95° from PES-045. 

Nevertheless contact angle decreases, the results show that the membranes keep their hydrophobic 

nature (CA >90°). 

 

 

 

 

 

Figure 8. a) Water contact angle results of PA and b) PES coated membranes (0.1-0.22-0.45µm) after 

and before the treatment in NaCl 0.6M 
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Chemical cleaning agents  

In order to study the influence of the pore size on the coating stability during chemical cleaning, 

membranes with 0.1 and 0.45 µm were used for these tests. The results of chemical cleaning 

treatments were reported in fig.9. These treatments were carried out in order to evaluate the 

performance of coated membranes after the typically chemicals cleanings. In fact, sodium hydroxide, 

NaOH, encourages dissolution of weakly acidic organic matter, with the generally carboxylic and 

phenolic functional groups, and promotes cleavage of polysaccharides and proteins into smaller 

sugars and amides. Acid cleaning aims to remove multivalent cationic species such as in hardness 

salts and metal hydroxide, moreover acids are mildly oxidative for natural organic matter (fouling), 

forming soluble aromatic aldehydes [34]. KMnO4 was firstly introduced as a water treatment 

chemical in 1913 [35]. Generally used as oxidant, where organic compounds are oxidized into water 

and carbon dioxide (or alcohols, aldehydes, ketones and carboxylic acids) which are easily 

biodegradable. Using oxidant treatment, phenols, ammonia, dyes, hydrocarbons and other organic 

pollutants may be removed from the membrane surface. [36]. Sodium hypochlorite generally was 

used as disinfectant, against bacteria, viruses and fungi.  

As reported for the treatment in NaCl 0.6M, the results show that for PA coated membranes, the 

treatment with chemical cleaning agents, did not affected the contact angle. On the contrary, CA 

decreases for coated PES membranes, always remaining hydrophobic (>90°). 

 

 

 a)

) 
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Figure 9. Water contact angle results of PA a) and PES b) coated membranes (0.1-0.45µm) after and 

before the treatment in chemical cleaning agents  

 

 DCMD tests 

Coated membranes performance was determined with DCMD experiments. DCMD tests were 
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the membrane was in contact with the hot feed, while the hydrophilic side of the membrane was 

in contact with cold water at 14°C.  

In Fig.10, the results of the DCMD tests with deionized water as feed are reported varying the 

starting material (PA and PES) and the temperatures of the feed side. 
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Figure 10. DCMD results for Fluorolink ® MD700 coated membranes using PA and PES as 

starting materials of different pore size: a) 0.1µm b) 0.22 µm and c) 0.45 µm 

 

 

As reported in the graphs, in all cases the flux increased with the feed temperature as expected [7,19]. 

Looking at the data, it is possible to observe that the starting material did not influence the flux when 

membranes at 0.1 and 0.2 µm are used. The results are comparable, considering the smaller pore size 

of the membranes. For coated membranes having a pore size of 0.45µm, PA coated membranes show 

a higher flux (around 22 L/m2h at 60°C), than PES coated membranes (around 19 L/m2h at 60°C). 

This result is comparable with the flux reported by Figoli et al. [7], using PA 0.45µm pore size 

membranes coated awith Flurolink®AD1700 (22.81 L/m2h at 60°C). 
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Conclusions 

Innovative hydrophobic/hydrophilic composite membranes were prepared by dip-coating/in situ 

polymerization using Flurolink® MD700 on commercial membranes. The influence of the starting 

material (PA and PES) was studied and the use of different pore sizes (0.1, 0.22 and 0.45 μm) has 

been investigated too. The characterization tests show that the coating has been successfully 

performed on the membranes. The coating increased the hydrophobicity of the membranes in all 

cases, and the best results was obtained for PA membranes, with a water CA of about 148°. CA vs 

Hexadecane C16 confirmed that the coating increases the oleophobicity of the membranes too. The 

presence of the hydrophobic coating layer was confirmed by the EPMA images, and as reported by 

the pore size analysis and AFM pictures, without any change in the membranes morphology. Highest 

LEPw results were achieved for both PA and PES coated membranes with pore size of 0.1µm. Coating 

stability tests show that PA coated membranes are more resistant than PES coated membranes, in fact 

the treatment with chemical cleaning agents and salty solution 0.6M, did not affected the CA. Coating 

stability tests, and DCMD tests demonstrated the good performance of the membranes and the 

potential use in desalination. During tests with deionized water, coated PA membranes at 0.45µm 

presented the highest values of permeate flux (about 22 Kg/m2h). The flux was also positively, 

influenced by increasing the temperature (from 40 to 60°C) and the pore size (from 0.1 to 0.45 μm) 

of the commercial membranes as reported. The starting membranes with lower pore size (0.1-0.22 

μm), did not influence the vapour flux. 
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General conclusions 

In the last decades, the development of new, facile and cost effective strategies to prepare membranes 

has received great attention due to the broad range of application fields of membrane processes. 

Polymeric materials play a key role in determining and influencing the membranes performances and 

selectivity. In particular, fluoropolymers are materials that possess properties that no other material 

is capable of emulate. As reported above, substitution of fluorine for hydrogen in a polymer improves 

important properties: 

- Increase thermal resistance and reduce flammability 

- Chemical stability 

- Hydrophobicity 

- Improve low surface energy 

- Improve electrical and optical properties 

During the ensuing decades, many fluoropolymers were developed. The entire sales volume for 

fluoropolymers is today more than 230,000 tons per year, for a total market value more than US$ 4 

billion [1] and it is still growing. 

The scope of this research was to apply different types of fluoropolymers: Ethylene-

Chlorotrifluoroethylene with low melting point (Halar® LMP-ECTFE), poly(vinylidene fluoride) (PVDF 

grade 1015) and perfluoropolyether (PFPEs), for producing innovative membranes. Fluoropolymers 

were solubilized in a non-toxic solvents, according to the 5th principle of Green Chemistry (Safer 

solvents and auxiliaries: The use of auxiliary substances (e.g. solvents, separation agents, etc.) should 

be made unnecessary wherever possible and innocuous when used [2]. In this work, non-toxic 

solvents for humans and the environment have been selected and used for first time to solubilise the 

fluoropolymers of interest. Fluoropolymer membranes produced present numerous advantages 

making them very attractive for the application in water and organic solvent treatment. The 

approaches used for each type of membrane were reviewed and discussed in details in previous 

chapters: 

 Halar® LMP ECTFE, a fluoropolymer developed by Solvay Specialty Polymers, has been 

employed in order to produce organic solvent filtration membranes, as reported in Chapter 1. 

This novel polymer was studied, and compared, with the standard Halar® 901. Thanks to its 

lower crystallinity and lower melting point, it was solubilized at 190°C (25wt% in Diethyl 

Adipate (DEA) as solvent). On the basis of their environmental impact, high boiling point and 

solubility, two solvents, DEA and Dibutyl Itaconate (DBI), less toxic that ones, were selected. 
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Membranes were prepared via thermally induced phase separation (TIPS) technique. Dense 

film was prepared in order to evaluate the membrane resistance to the most used solvents in 

chemical and pharmaceutical industries. Polar protic and aprotic solvents, and non-polar 

solvents were used for swelling tests carried out for 192h. Porous asymmetric membranes 

were tested for organic solvent filtration using pure Methanol, Ethanol and DMF. The results 

obtained from the characterization tests, show that LMP ECTFE membranes are promising 

candidates to be use in separation filtration processes under harsh conditions, such as 

nanofiltration (NF) and ultrafiltration (UF) [3].  

 PVDF grade 1015, is a fluoropolymer commonly used for membranes preparation via TIPs 

or NIPs processes. Traditionally solvents used for solubilized this polymer are extremely toxic 

and have a negative effect on human health. In this work, a non-toxic family of plasticizers, 

the citric acid esters, commercially known as “Citroflex”, was employed to produce flat sheet 

membranes. The use of ATEC and TEC as solvents, was studied for the first time. Membranes 

were produced via TIPs technique, the effect of the different solvents and the casting 

parameters were investigated, as reported in Chapter 2. The first part of this research examines 

how the polymer/solvent affinity influenced the membrane formation during the TIPs process. 

Sol-gel transitions were studied in details. The membranes produced were tested in 

microfiltration (MF), process that is widely applied to separate contaminants such as bacteria, 

algae, colloids, and macromolecules from the feed water and frequently used in the food 

industry, or for sterilisation and clarification of pharmaceuticals [4].  

 Fluorolink®AD1700 and Fluorolink®MD700, are UV-curable PFPE-(meth)acrylate resins, 

developed by Solvay Specialty Polymers and specifically designed for the modification of 

surfaces (paper, textile, membranes) and as additives for various polymers. In particular, 

Fluorolink®AD1700 (Mw ~4000) is a PFPE-urethane acrylate and Fluorolink®MD700 (Mw 

~1500) is a PFPE-urethane dimethacrylate. These materials combine the inner properties of 

PFPE-(meth)acrylates (low Refractive Index, a low degree of shrinkage upon UVcuring and 

a high level of cure) with a polar structure, which enhances its miscibility with  hydrogenated  

acrylates;  the hydrogen  bonding  of  the  urethane  moieties  also  provides  a  higher  

mechanical strength in the cured coating strength in the cured coating. According to the other 

works, these materials could be solubilized in a non-toxic solvent, such as, butylacetate. The 

aim of this study was to coat several hydrophilic commercial membranes, with morphology 

and pore-size selected “a priori” for the application of interest, in order to produce 

hydrophobic/hydrophilic coated membranes. In fact due to their excellent properties, 

fluorinated polymers, have found a large application, as membrane materials, in different 



122 
 

fields, such as MF, UF, pervaporation (PV), membrane distillation (MD). The most important 

advantages of producing hydrophobic/hydrophilic coated membranes lies in the possibility of 

modifying the surface of cheaper hydrophilic commercial membranes. In this way two starting 

hydrophilic membrane materials, polyamide (PA) and polyethersulfone (PES) with a contact 

angle around 40°, were selected and coated with the PFPE resins.  Membranes 

characterization confirmed that the coating did not affect the membranes morphology. The 

hydrophobic and oleophobic nature of the coated membranes were studied too. Coating 

stability was evaluated during time using salty solution NaCl 0.6M and with hard chemicals 

cleaning agents for potential application in desalination process. In fact, the membranes were 

tested in Direct Contact Membrane Distillation (DCMD) using deionized water and salty 

solution 0.6 M. Best flux was obtained for PA coated membrane at 0.45µm (about 22 Kg/m2h 

at 60°C), and concerning the test carried out with salty solution as feed (0.6 M) at Tfeed=50°C, 

a high rejection of about 99.3% was obtained [5] [6]. Experiments demonstrated the stability 

of the coating in time and the good performance of the membranes. PFPE coated membranes 

can be used in DCMD applications for producing pure water, and thanks to its chemical 

resistance, also for the removal of contaminants (e.g. benzene) from surface water or 

fermentation products (e.g. ethanol, butanol) [7].  

As further follow-up of this thesis, several are the possibilities concerning the use of fluoropolymers 

in membrane science. In fact, the results on the development of fluropolymeric membranes are really 

promising and they could be successfully applied also at industrial level. In this direction, the 

wastewater treatment, desalination, and recovery or organic solvents, represent an important 

opportunity within the logic of sustainable water management. Water is essential for the life and water 

purification by membranes is likely to continue with growing water scarcity and water rationalization. 

For doing it, we will need to further investigate and improve the stability of the fluoropolymeric 

membrane produced together with their performance. For example, LMP-ECTFE will be employed 

for MF membrane preparation, for wastewater treatment; Fluorolink® monomers will be tested also 

in different membrane process PV (VOCs removal from water) and gas separation processes.  

This thesis may be considered as a basis study for further developments opening up interesting 

perspectives on the use of fluoropolymeric membranes in several fields. 
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