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H I G H L I G H T S

• Effect of PVDF-CTFE content on phase
inversion process was investigated.

• Hydrophobic membrane with excellent
MD desalination performance was pre-
pared.

• Effective pore passages were proposed
for membrane permeability evaluation.

• Dehalogenation and membrane shrink-
age obstruction were the mechanism
for NaOH and ethanol solution.
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Desalination by membrane distillation (MD) have found rapid growth and diversified applications in recent de-
cade, associated with it was the demand for hydrophobic membranes. Poly (vinylidene fluoride-co-
chlorotrifluoroethylene) (PVDF-CTFE) was used for hydrophobic membrane preparation with LiCl additive by
non-solvent induced phase inversion (NIPS), the effect of polymer concentration was investigated in terms of
membranemorphology, pore structure, hydrophobicity, thermal property, andmembrane distillation (MD) per-
formance to evaluation its potential in MD desalination. It was found that the solid-liquid demixing process
showed more influence with increasing polymer content due to the delayed phase inversion process, which
was responsible for the suppressedmacrovoids, reduced pore size, higher hydrophobicity and pore interconnec-
tivity. The melting temperature and crystallinity also increased due to the crystallization during membrane for-
mation.M3with 12%polymer content presents the bestMDperformance (permeatefluxof 20.65 kg/m2·hwith a
salt rejection higher than 99.95%). Ethanol and sodium hydroxide (NaOH) solution were applied as the second
immersion bath to post-treat the nascent membranes. Pore enlargement effect was found for both post-treated
membranes. However, the dehalogenation process was the most important mechanism for NaOH, while the ob-
struction of partial shrinkage was the mechanism of ethanol solution. In a word, PVDF-CTFE hydrophobic
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membrane show potential in MD desalination, especially when a second solution bath is used for membrane
modification as the flux enhancement without the sacrifice of salt rejection.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hydrophobic membrane-based process like MD [1,2], membrane
emulsification (ME) [3], osmotic distillation (OD) [4], pervaporation
[5], andmembrane crystallization (MCr) [6] have found various applica-
tions and shown proven advantages in desalination, wastewater treat-
ment, gas separation, concentration and recovery of temperature
sensitivematerials [7,8]. Themembrane applied in these process should
presents hydrophobic nature firstly, along with the ideal pore structure
with narrow pore distribution, low thermal conductivity, excellent
chemical tolerance and mechanical strength [9,10]. The commercial ul-
trafiltration or microfiltration membranes which have been commonly
applied can hardly meet all the criterions. Thus the commercial-scale
hydrophobic membrane-based processes like MD remain challenging
due to the constraint of commercially available high performancemem-
branes and modules.

In recent decades, hydrophobic membrane preparation and mem-
brane formation mechanism study have been a hotspot in membrane
science. Most of these membranes are fabricated from polymeric mate-
rials due to the lower surface energy, lower cost and better processabil-
ity, even hydrophobic-modified ceramic membranes also show
potentials in hydrophobic membrane-based process [11–13]. Non-sol-
vent induced phase inversion (NIPS), including immersion phase inver-
sion, vapor-induced phase inversion (VIPS), and dry-wet phase
inversion, is a versatile membrane preparation technology due to the
mild operation conditions, easily controlling of membrane structure
and performance [9,14]. Thus, poly(vinylidene fluoride) (PVDF) and
PVDF-based copolymer got more attractions as compared to
polytetrafluoroethylene (PTFE) and polypropylene (PP) [10,15,16], as
they can dissolve in many common organic solvents.

NIPS process involves a heterogeneous casting solution including
polymer, solvent, non-solvent, and/or additives, the phase inversion
happened along with the exchange of solvent and non-solvent and
the solidification of polymer-rich phase under specific ambient and op-
eration conditions [14]. For semi-crystalline polymer like PVDF and its
copolymers, the phase inversion was more complicated as both solid-
liquid demixing (crystallization, vitrification, or gelation) and liquid-liq-
uid demixing happened [17–19]. Membrane structure and performance
was easily affected as thephase inversion processwas vulnerable to var-
ious factors. Among them, polymer concentration and additive present
tremendous influences due to their remarkable thermodynamic and ki-
netic effects. The effect of polymer concentration has been widely stud-
ied for PVDF, PVDF-HFP, PVDF-TFE hydrophobic membranes [19–22].
However, although PVDF-CTFE has been applied for membrane prepa-
ration in the recent decade by NIPS for water treatment or electrolyte
separator [23–25], the effect of polymer concentration was hardly re-
ported, especially for hydrophobic membrane preparation. LiCl is one
of the most commonly used additives which had found widely applica-
tions during hydrophobic membrane preparation. The use of LiCl is
characterized by the strong interaction between Li+ and solvent or
polymer material. So the viscosity of casting solution increased signifi-
cantlywhen LiClwas added,whichmay impede the exchange of solvent
and non-solvent. The macrovoids was restricted and the crystalline
structure showed in membrane surface and cross-section due to the
lower phase inversion rate, i.e., the LiCl additive benefit the solid-liquid
demixing process [19,25–27].

However, problems still exist for hydrophobicmembrane in terms of
additive residual, shrinkage, poor surface morphology and pore struc-
ture, which lead to poor performance and short membrane lifespan.

Even when a supportingmaterial was applied to preventingmembrane
shrinkage, partial shrinkage still happenedwhich tends to influence the
pore structure [28]. The lower permeateflux, severemembranewetting
and fouling issue, and short lifespan impede the development of hydro-
phobic membrane application, especially for commercial expansion.
Thus, membrane modification was a necessary prerequisite. Modifica-
tion methods for hydrophobic membrane have been widely reported
by state-of-art literatures, which mostly realized by doping, coating
and grafting [29,30]. However, most of the modification method are
complex and expensive. Post treatment by immersion with specific so-
lution is a simple method which have been proved to improve mem-
brane properties and performance [31–33]. The immersion of nascent
membranewith a second solution especially liquidwith low surface en-
ergy was proven to improve membrane structure and performance by
preventing membrane shrinkage and further leaching out of additives
or solvent. However, the effects of solution immersion on membrane
morphology, pore structure, physico-chemical properties, and perfor-
mance have been hardly reported.Meanwhile, as the PVDFhydrophobic
membrane was commonly used under alkali or volatile organic solvent
condition or cleaned by alkali, the stability is another most concerned
issue. The effect of alkali immersion onmembrane has also been studied
to investigate the impact on membrane pore structure and their stabil-
ity by simulating the condition of the membrane process under harsh
condition [34–36]. Samsure et al. [37] also reported that the alkaline so-
lution in mild condition had pore enlargement effect, which benefited
the higher flux and improve the membrane properties.

In the present contribution, we prepared hydrophobic PVDF-CTFE
flat-sheetmembrane byNIPS (more precisely, dry-wet phase inversion)
with the PVDF-CTFE/LiCl/DMAc/H2O quaternary solution system. Effect
of PVDF-CTFE concentration onmembrane morphology, pore structure,
thermal and crystalline properties, and hydrophobicity were carefully
investigated. Ethanol and NaOH solutions were used as the second im-
mersion bath to investigate their effects on membrane structure and
properties, as well as the stability of membranes after post-treatment.
The hydrophobic membrane performance was also assessed by a 6 h
continuous DCMD operation to evaluate its potential in MD
desalination.

2. Experimental

2.1. Materials

PVDF-CTFE copolymer (Solvay Solef® 32008, Mw = 280,000) was
obtained from Solvay Solexis for membrane preparation due to its hy-
drophobic nature. Dimethylacetamide (DMAc, N99.0%), purchased
from Shanghai Jingwei Chemical Co., Ltd., was used as solvent. LiCl
(AR, N97.0%), supplied by Tianjin Guangfu Research Institute of Fine
Chemical Engineering, was applied as additive. 50% Ethanol (GR, N
99.7%) and 5 g/L NaOH (AR, N96%) solutions were used as the second
immersion bath to modify the membrane. 35% NaCl solution was used
as the feed solution, deionized (DI) water was firstly used in the perme-
ate side in DCMD test. Tap water was used as non-solvent in the coagu-
lation bath.

2.2. Membrane preparation and post treatment

The PVDF-CTFEflat-sheetmembraneswere prepared byNIPS,which
combined the solvent evaporation process and immersion phase inver-
sion process induced by coagulation bath. At first, the copolymer was
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