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Ethylene-chlorotrifluoroethylene (ECTFE) was first commercialized by DuPont in 1974. Its unique chemical structure gives
it high heat resistance, mechanical strength, and corrosion resistance. But also due to these properties, it is difficult to
prepare a membrane from it by the nonsolvent-induced phase separation (NIPS) method.
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| 1. Introduction

Ethylene-chlorotrifluoroethylene (ECTFE) is a copolymer composed of alternating monomer units of ethylene and
chlorotrifluoroethylene. Its chemical structure is shown in Figure 1. The F atom has strong electronegativity and low
polarization, and the C-F bond exhibits one of the strongest chemical bond energies within the structure, reaching up to
485 kJ/mol. At the same time, multiple F atoms are connected to the C atom, which further strengthens the C-F bond
energy and creates its excellent performance . The regular pattern of these monomer units results in a well-defined
structure, which gives ECTFE its consistent and predictable properties.
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Figure 1. ECTFE molecular structure.

This unique type of fluorinated elastomer was first commercialized by DuPont in 1974 under the trade name Halar®. In
1986, Applied Chemical Organization transferred ECTFE products and production technology to Ausimont USA Inc.
(Morristown, DE, USA). In 2001, the Solvay Group of Belgium acquired Ausimont, thereby becoming the sole producer of
ECTFE. Figure 2 shows ECTFE particles from the Solvay company (Brussels, Belgium), demonstrating their uniform size
and smooth surface.



Figure 2. ECTFE particles from the Solvay company.

ECTFE exhibits high chemical corrosion resistance, mechanical strength, and thermal resistance; exhibits low
capacitance, flammability, refractive index, and surface energy (neither oil-wet nor water-wet); is especially inactive to
various solvents, including hydrocarbons and various acids and bases, with no solvent able to attack it below 120 °C (2181
M5l |In terms of resistance to strong alkalis and acids, high-temperature resistance, and chemical resistance, ECTFE is
even superior to other fluorinated materials, such as polytetrafluoroethylene (PTFE) 82l and poly (vinylidene fluoride)
(PVDF) Bl and is an ideal material for preparing high-performance porous membranes.

The polymer’s low polarizability and strong electronegativity also contribute to its excellent thermal stability and low
coefficient of friction, allowing it to be used in high-temperature and wear-resistant applications. Additionally, due to the
presence of chlorine atoms, ECTFE has stronger resistance to water vapor, hydrogen chloride, and chlorine gas than
ordinary fluoropolymers. Its chlorine permeability is the best among all fluoropolymers, so it is widely used in some harsh
environments exposed to chlorine. Even if ECTFE is exposed to ultraviolet light for a long time, its performance remains
unchanged and can be used in the construction industry, such as in anti-UV coatings. It is commonly used as a protective
coating, including for pipeline protection and corrosion prevention LI For example, ECTFE is frequently used as a
coating for stainless steel exhaust pipes in a range of industrial applications (including clean rooms) to protect them from
the corrosive effects of various airflows. When compared to PTFE coating, the adhesion and hardness of an induced draft
fan impeller coated with ECTFE are twice as good when exposed to hydrofluoric acid containing special corrosive
substances. Furthermore, ECTFE’s exceptional properties also make it an excellent material for use as an anticorrosion
membrane resin on the surface of solar photovoltaic modules. In these applications, ECTFE resin has demonstrated
exceptional corrosion resistance, weather resistance, and chemical resistance. This makes it an excellent long-term
solution for protecting photovoltaic modules from environmental degradation and corrosion. However, it should be noted
that the research on ECTFE as a porous membrane is still in its early stages. Despite its potential for a range of practical
applications, further research is required to optimize its performance and explore its full potential.

| 2. Fabrication of ECTFE Membrane

Microfiltration membranes are usually prepared using thermally induced phase separation (TIPS) WL2L3I14]15]16] qf
nonsolvent-induced phase separation (NIPS) LALEI191[20][211[22][23]

TIPS is a relatively new method of preparing polymer microporous membranes proposed and patented by Castro in 1981.
Its process and principle are above the melting point of the polymer; the polymer will be dissolved in a high-boiling-point
and low-volatility diluent to form a homogeneous solution. It is then cooled down. During cooling, the system undergoes
phase separation. This process is divided into two categories, solid—liquid phase separation (referred to as S-L phase
separation) and liquid-liquid phase separation (L-L phase separation). The appropriate process conditions are controlled,
and after phase separation, the system forms a two-phase structure with the polymer as the continuous phase and the
diluent as the dispersed phase. At this point, the appropriate volatile reagent (i.e., extractant) is selected to extract the
diluent in order to obtain a certain structure shape of the polymer porous membrane.

Using NIPS, the polymer is dissolved in a solvent to form a homogeneous solution, and then a reagent that is more
soluble with the solvent (known as the extractant) is slowly added to extract the solvent, forming a two-phase structure



with the polymer as the continuous phase and the solvent as the dispersed phase; then the solvent is removed to obtain
polymers with a certain pore structure.

Compared with NIPS, TIPS has many advantages: (1) TIPS promotes phase separation of polymer solutions through
faster heat exchange rather than slow solvent—nonsolvent exchange. (2) TIPS avoids the disadvantage of NIPS, that is, a
low porosity due to the existence of the solvent—nonsolvent exchange, which leads to part of solvent participating in
polymer gelation during the membrane-forming process. (3) TIPS can be used for the preparation of crystalline polymer
microporous membranes that are difficult to prepare with NIPS. (4) TIPS has fewer influencing factors than NIPS and is
easier to be controlled. (5) A variety of microstructures can be obtained by TIPS such as open-pore, closed-pore,
isotropic, anisotropic, and asymmetric, etc.

To date, no organic solvent is able to dissolve ECTFE at room temperature. Therefore, some common membrane
preparation methods, such as NIPS L2MLSIALSII6IINIE] cannot be used to prepare ECTFE membranes. However, with
increasing temperature, especially when the temperature is above the melting point of ECTFE, ECTFE can form
homogeneous solutions with some diluents, which provides the basis for the preparation of ECTFE membranes by TIPS
[AIL2)13][14][15]16]  One can control the pore size of ECTFE membranes when using TIPS by adjusting the cooling
temperature and selecting the appropriate solvent. The main problem in the preparation of microfiltration membranes by
the TIPS method is the selection of diluents.

During TIPS, the polymer is dissolved in a diluent at a temperature above its melting point to form a homogeneous
solution [241[25][26][27](28]29][30] By ensuring the uniform distribution of the polymer in the solution, a high-quality membrane
can be made. The homogeneous solution is subsequently cooled to induce the phase separation. The main steps of
preparing a microfiltration membrane by TIPS include solution preparation (continuous or intermittent preparation),
membrane configuration (plate or hollow-fiber as shown in Figure 3), and post-treatment 122, The specific steps are as
follows: (1) Mix the polymer with a high-boiling-point and low-molecular-weight liquid or solid diluent at a high temperature
to form a homogeneous solution. (2) Cast the solution into the desired shape (flat, hollow, or tubular). (3) Cool the solution
to induce phase separation. (4) Remove the diluent (cosolvent extraction). (5) Remove the extractant (by evaporation) to
obtain the porous structure.
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Figure 3. The procedure for preparing ECTFE membranes by TIPS. (Tgope is the temperature of casting solution, Ty, is
the temperature of melting temperature).

Table 1 lists several studies on the production and applications of porous ECTFE membranes. It is crucial to select an
appropriate diluent for the ECTFE polymer, as this process can be challenging. The polymers must be dissolved in
solvents at a temperature of 250 °C, which requires the use of solvents with high boiling points, flash points, and melting
points that are higher than the melting point of the polymer. Moreover, it is paramount that these solvents are safe for
human use and the environment. These constraints hinder the advancement and industrial application of ECTFE
polymers in the membrane industry.

Table 1. ECTFE membrane fabrication by TIPS method and their applications.

Diluent Membrane
Author Polymer Type Diluent Type Boiling Membrane Process Year
A Type
Point (°C)
Ramaswamy ® Dibutyl phthalate
[11] ot 4. HALAR®901 (DBP) 337 Flat - 2002
Roh 12 et al, HALAR®901 Dibutyl phthalate 337 Flat - 2010

(DBP)



Diluent Membrane
Author Polymer Type Diluent Type Boiling Membrane Process Year

point(cc) 1/Pe

Simone 251 et 1-methyl-2-pyrrolidinone

al. HALAR®901 (NMP) 202 Flat Pervaporation 2012
Drioli B2 et al. HALAR®901 Glycer(ycli:_l;l\:;lcetate 258 Flat Membrane condenser 2014
Diethyl adipate
Pan 24 ¢t al. HALAR®902 (DEHA)/diethyl phthalate 2471294 Flat Membrane distillation 2015
(DEP)
Commercial . .
Abdel-Hady 51
e-rady ECTFE Grafting of vinyl - Flat Fuel cell 2015
etal. pyrrolidone (NVP)/styrene
membrane
Dibenzylidene sorbitol Hollow
Zhou 14 et al. HALAR®902 (DBS)ltriphenyl phosphate  549/412 - - 2012
fiber
(TPP)
Diethyl phthalate (DEP)
Matsuyama [26]
uy HALAR®901 and glyceryl triacetate 294/258 Hollow . 2016
etal. fiber
(GTA)
- [37] .
Ursino = et LMPECTFE Diethyl phthalate (DEP) 294 Flat _Organic-solvent 2016
al. filtration separation
Diethyl adipate
Pan [28l et al. HALAR®902 (DEHA)/diethyl phthalate 2471294 Flat Oillwater separation 2017
(DEP)
Proton exchange
Abdel-Hamed
29] gt al ECTFE-g-PSSA - - Flat membrane fuel cells 2018
. (PEMFC)
Xu B et al, HALAR®902 Acetyl tributyl citrate 327 Flat Membrane distillation 2019
(ATBC)
Liu [40] et al. HALAR®902 Trioctyl trimellitate 414 Flat Membrane distillation 2020

(TOTM™)

The ECTFE membrane was first prepared by the TIPS method in 2002 by Ramaswamm et al. In that study, a surface-
dense ECTFE membrane was successfully prepared with DBP as a single dilution. The dense layer was successfully
eliminated and the porosity was improved 1. In 2010, Roh et al. improved the membrane preparation process and
conducted a detailed study on the effects of casting fluid composition, quenching temperature, membrane thickness, bore
fluid composition, and traction force on the structure and performance of an ECTFE membrane when preparing the
membrane using the TIPS process 12, However, the cross-sectional structure of the ECTFE membrane prepared with
DBP as the diluent was incomplete. Fundamentally, this structure was obtained using DBP because the system had a
relatively narrow liquid-liquid (L-L) phase separation region, resulting in the short L-L phase separation process, resulting
in the formation of a disordered spherulite structure. The effect of the interaction parameters between ECTFE and
different solvents on the L-L phase separation region of the ECTFE solvent system was studied by Zhou et al. 14, The
Flory—Huggins interaction parameter reflects the change in the interaction energy of the polymer molecules during mixing
with the solvent and is denoted by x. From the polymer solution thermodynamic theory for derivation, it can be seen that
the value of the polymer—solvent interaction parameter x can be used as a semiquantitative judgment of the solvent
superiority. If X is greater than 0.5, the polymer is generally insoluble; if X is less than 0.5, the polymer can be dissolved,
that is, the smaller the value, the better the solvent’s ability to dissolve. Therefore, the value can be used as a basis for
determining whether a polymer and a solvent system are miscible. Increasing interaction parameters change the cross-
sectional structure of the membrane from a spherulite structure to a cellular structure or a continuous structure. The larger
the interaction parameter ¥, the less the compatibility of the polymer with the solvent, indicating the wider the L-L phase
separation area. At appropriate cooling rates, the ECTFE cross section will present a double continuous structure.

However, in the published papers, the cross sections of ECTFE membranes prepared using a single diluent in the TIPS
process present either closed cellular structures with good mechanical properties but almost no pores or spherulite
structures with poor mechanical properties, which is not sufficient for practical applications.

The effect of mixed solvent in ECTFE membranes prepared by the TIPS method on the microfiltration membrane structure
and properties was also thoroughly investigated by Zhou et al. 142l The investigators also studied the effects of different



nonsolvents on the crystallization trends of the ECTFE/DBS systems. The solubility parameter distances between ECTFE
and each nonsolvent are as follows: Xectre-TeG) > X(ECTFE-TPP) > X(ECTFE-0A) > XECTFE-HDC) (TEG is triethylene glycol,
TPP is triphenyl phosphate, OA is an oxidized amine, HDC is hexamethylene diamino carbamate). The solubility
parameters of DBS are relatively close to those of TPP and OA, indicating that DBS has good compatibility with TPP and
OA. In both cases, the ECTFE membrane exhibits a bicontinuous structure. The other two remain microporous cellular
structures because when the solvent compatibility is poor, the polymer is cooled first during the binary diluent cooling
process, thus forming an irregular cross-sectional structure. Zhou's work 41 offers us profound inspiration. The use of a
single solvent in the preparation of polymer membranes often has numerous limitations, making it challenging to expand
the polymer—solvent system. By applying the theory of the solubility parameter, the L-L separation area can be separated
according to the theory of the solubility parameter, adjusting the interaction between polymers and solvents. This
approach enables us to find suitable solvents and additives.

To prepare high-performance ECTFE membranes, most studies are limited to a temperature of around 250 °C, which is
very close to the decomposition temperature of ECTFE. At this temperature, ECTFE will be rapidly oxidized and degrade,
and it will also cause diluent volatilization, resulting in harm to the environment and researchers. Before ECTFE
membranes were prepared at relatively low temperatures by Simone 3 et al. and Drioli 23! et al., researchers gradually
turned their attention to how to prepare ECTFE membranes in a more environmentally friendly manner. In Simone et al.’s
work, they found that N-methylpyrrolidone (NMP) can dissolve ECTFE at 180 °C 13,

What is more, the solvents for dissolving ECTFE mostly use aromatic compounds with high boiling points, which are
generally toxic and will cause harm to human health and the natural environment. Therefore, the development of
environmentally friendly solvents for the TIPS method has attracted more and more attention from researchers 431441 xy
B et al. and Liu 29 et al., respectively, selected the environmentally friendly diluents ATBC and TOTM as a single solvent
to prepare the ECTFE membrane. Liu et al. chose TOTM as the solvent, and a significant L-L phase separation was
observed for the bicontinuous structure when the polymer concentration was 15%. As the polymer concentration
increased, the ECTFE membrane structure changed from a bicontinuous structure to a stacked-block structure. During
the 30 h membrane distillation process, the ECTFE membrane at 15% TOTM achieved a retention of 23.09 kg-m=2-h71
and a 99.9% rejection rate. The ECTFE membrane maintained great salt protection at a running-feed solution
concentration ratio of 3.49 (i.e., 12.1 Wt.% concentration).

As can be seen from the development of ECTFE membranes prepared by the TIPS method, researchers have begun to
pay attention to the preparation of high-performance membranes in a safe and environmentally friendly way. The choice of
diluent has also changed from toxic phthalic acid reagents to green solvents, such as ATBC and TOTM, etc. Finding ways
to successfully use green solvents to prepare high-performance ECTFE membranes under low-temperature conditions to
effectively excavate the potential of this high-performance partial-crystalline fluorine-containing material in the field of the
membrane is in line with the development concept of the green chemical industry.
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