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Abstract

Pervaporation (PV) has mainly been used for dehydration in industrial applications as well as
for the recovery of some organic components from various organic or water mixtures.
Nevertheless, to date, pervaporation has never been seen as a potential industrial solution to
get drinkable water by water permeation, contrarily to membrane distillation (MD).
Nevertheless, at the lab scale, some studies with hydrophilic PV membranes have been
reported. This work intends to underline the potential industrial interest of hydrophobic PV
composite membranes for desalination. Indeed, even in hypersaline solutions, the water
activity remains very high (>0.9), and it is wise to use membranes with stable properties in
water to guarantee steady performance. Therefore, this study investigates the interest of
hydrophobic polymers as coating selective layers for desalination. To guide our choice, a
rational approach was used based on the prediction of the membrane resistance to water
transfer. Polymethylpentene, poly(1-trimethylsilyl-1-propyne) and Teflon AF2400 were tested
as the top layer to obtain hydrophobic composite PV membranes. Several feed NaCl solutions
with or without a surfactant were used to investigate the mass transfer properties of these PV
membranes for water treatment comparatively to more conventional porous membranes (e.g.

PVDF) currently studied in membrane distillation.

Keywords:

pervaporation, hydrophobic selective layers, resistance in series model, wetting issue,

desalination

! This work has been partly presented as an oral communication at Euromembrane 2018 (Valencia)
1|29

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0011916421000771
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0011916421000771

1. Introduction

Today, more than 663 million people live without access to drinkable water and 1.8 billion
people relying on fecal-contaminated water [1]. Moreover, after its use by man, the quality of
water is usually altered, either physically, e.g. temperature increase, or by anthropic
pollutants. Water that can be used directly corresponds only to 0.6% of the total water, which
is why worldwide water reclaiming technologies are the focus of incentive policies. The main
source of easily available large amounts of water is salted water. Hence, improving desalting

technologies is of upmost importance.

At the industrial scale, there are two main types of desalination processes, either thermal
processes based on distillation technologies, e.g., multistage flash (MSF) [2], multi-effect
distillation (MED) [3], or mechanical processes using membrane processes, i.e., reverse
osmosis (RO). Distillation is the traditional technology, but RO, lately developed in the
1970s, is now mainly used. RO corresponds to more than 65% of the total world installed
capacity [4], and the total water cost for 1 m® is 0.5-1.2 US$ for sea water RO and 0.2-0.4US$
for brackish water RO, while the cost is between 0.7 and 1.5 US$ for MSF and MED [5].
Electrodialysis (ED) can also be used for wastewater and brackish water, especially to
concentrate nutrients, such as potassium, nitrogen and phosphate, under similar conditions;
the cost of ED is similar to the cost of RO, but ED is not as flexible as RO, and it requires
several stages to reach the same industrial target, which means higher capital cost

expenditures.

Other membrane technologies can be used for water desalination, such as forward osmosis
(FO)[6], pervaporation (PV)[7] or membrane distillation (MD)[8]. To date, these last three
technologies and related membranes have been less mature and less attractive from an
energetic viewpoint for desalination applications. For instance, with FO, the regeneration
cycle of the pristine draw solution must be achieved by another technology, possibly by RO.
On the other hand, MD and PV are both thermal processes where the water is transferred

through the membrane as vapor, thus giving rise to a higher energy demand.

Many reviews have already been published on water desalting using various membrane
technologies. Most of them make use of polymeric membranes, but some works also report
the use of inorganic membranes [9]. Quite recently, the electrospinning method has also
become a new approach to obtain MD membranes made of nanofibrous materials [10,11]. As

far as polymeric membranes are concerned, these reviews present several key parameters, i.e.,
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energy efficiency and the possible use of low grade energy [12-14], pore wetting and
hydrophobic modification to limit the flux decay and increase the time life of the membranes

[13-16], and fouling resistance linked to organic matter [17,18].

Several strategies have been developed to tackle the wetting issue arising in MD. Notably,
surface engineering by chemical functionalization, such as plasma modification and grafting
[16], and physical modifications [15] of the top layer to enhance the hydrophobic properties
of the pores have been established and hence prevent the usual wetting trend of the porous top
layer. Additionally, anti-wetting membranes have been designed thanks to the stabilization of
the liquid-vapor interface at the mouth of the pores. With the same objective, various types of
nanoparticles have also been used to tailor the omniphobic properties of the pores, e.g., by the
incorporation of multiwalled carbon nanotubes, nanosized SiO, and TiO, particles into
polymeric membranes (e.g., porous polyvinyldifluoride (PVDF) membranes), resulting in a

significant increase in the contact angles (> 150°) [13].

In the 1990s, the design of membranes that can avoid the penetration of liquid water has
already been studied by several research groups, specifically by coating porous membranes to
generate a dense top layer able to fully eliminate any wetting hazard [19,20]. The three main
issues of this approach are to avoid pore plugging, to control the permeance of the dense top
layer and to obtain good adhesion between the top layer and the porous layer. It must be
emphasized that the introduction of this dense top layer gives a composite pervaporation
membrane. Thus the water transfer occurs according to the solution-diffusion mechanism
[21]. This approach was proven to be efficient for obtaining pure water vapor from various
feeds, such as fruit juice [22] or hypersaline effluents [23]. In this last case, using uncharged,
dense hydrophobic membranes, the salts dissolved in the feed have extremely low sorption
coefficient in the dense polymeric layer; moreover the salts would not be vaporized from the
downstream side of the coating layer. More examples can be found in the reviews of Wang
(2016) and Zhong (2020) [7,24].

Pervaporation involves a thermodynamic change from the feed side (liquid phase) to the
permeate side (vapor phase) and the mass transfer is induced by the difference between the
partial pressures established between the upstream and downstream sides of the membrane.
Several operating conditions can be used to fix the require partial pressures. Interestingly,

pervaporation can be operated at atmospheric pressure using a lower temperature range
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compare to distillation. When a lower temperature is applied at the downstream side under
atmospheric pressure, these conditions named “thermo-pervaporation” create the activity
difference through the membrane which induces the mass transfer. Hence low-grade energy
can be used to run the process, which is similar in the direct contact membrane distillation
(DCMD). Thus it should be noted that using a temperature difference to treat hypersaline
effluents is very favorable from energy viewpoint compared to RO and could give rise to new
hybrid processes [25]. Thermo-pervaporation has been known for years [26,27] but yet never
applied in industry; nevertheless when a temperature difference can easily been applied to
generate a vapor pressure difference across the membrane, the mass transfer from the
upstream side to the downstream side occurs like with the conventional vacuum driven
pervaporation. However, one parameter can be different: it is the state of the downstream side
of the membrane which might be more swollen than when vacuum is applied. In the case of
hypersaline water solutions, this difference is not a drawback and does not alter the selectivity

of the process because water is the only volatile component of the mixture.

As stated from the literature review given above [7,24], the coating layers used to obtain PV
membranes useful for desalination were prepared with strongly hydrophilic polymers, such as
sulfonated polyethylene, quaternized polyethylene[19], alginic acid-silica hydrogel coatings
[28, 29], chitosan [30], polyelectrolyte polymer (Nafion type)[31], cellulose [23] or polyvinyl
alcohol [32,33].

As the objective of the separation is to transfer water, this choice of using very hydrophilic
coatings appears to be quite logical and related to the solution-diffusion mechanism of PV.
Nevertheless, sorption is not the only parameter that governs PV selectivity. In addition, there
is a major difference between the use of a PV membrane to dehydrate an azeotropic mixture
or to achieve desalination. Indeed, in the first case, water is the minor component, whereas in
the second case, water is the main component. Hence, as the activity of the water in the feed is
much higher in the second case, above 0.9 [34], the best membranes used for azeotrope
splitting are certainly not the ones that would be the best for desalination for two reasons: a)
the conventional dehydrating PV membrane might be unstable at such a high water activity
and may be damaged while contacting the saline water solutions, and b) as the hydrophilic top

layer is often crosslinked, the sorption phenomena will be blocked to a large extent.

Therefore, in this work, we investigated the use of specific nonpolar polymers, mainly

hydrophobic polymers, which have never been considered to develop composite PV
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membranes useful for water treatment. To select appropriate polymers and to guide our
choice, we use a rational approach based on their permeance for water. Several PV
membranes were prepared and tested using a direct contacting cell. As there is only a small
difference in water activity between brackish water and hypersaline solutions, as a RO
retentate, synthetic NaCl solutions up to 10g/L were used with and without a surfactant to

determine the flux and the rejection rate.

2. Experimental

2.1. Reagents

The pristine support used in this study is porous PVDF (Durapore™, filter GVHP, pore size
0.22 um, porosity 75%, thickness: 122 um), obtained from Merck Millipore. The polymers
used to build dense top layer on the PVDF support are polymethylpentene (PMP) and poly(1-
trimethylsilyl-1-propyne) (PTMSP) obtained from Sigma-Aldrich, and copolymers of
poly(2,2-bis(trifluoromethyl)-4,5-difluoro -1,3 dioxole-cotetrafluoroethylene)
(TeflonAF®2400, DuPont) (Figure 1). The organic solvents used to prepare polymer
solutions are cyclohexane (Sigma-Aldrich) and Fluorinert FC75™ (3M). Ultra-pure deionized
water (Milli-Q) was used to prepare all the aqueous solutions (conductivity <3 uS), NaCl was
used to prepare the salted solutions, and the surfactant sodium dodecyl sulfate (SDS) was

obtained from Sigma-Aldrich.

Teflon AF ?Hii

I ] CH,—CH
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F3C CF; CH3 CH3
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n = 0.87; AF2400; n = 0.65: AF1600

Teflon AF2400 PMP PTMSP

Figure 1: Structure of polymers: Teflon AF2400, PMP and PTMSP

2.2. Composite membrane preparation

The first step was the preparation of the polymer solution, with the dissolution of the polymer

mass in cyclohexane (PMP: 2 wt% and PTMSP: 2wt%) or in Fluorinert FC 75TM (Teflon
5|29



AF: 1 wt%) to obtain homogenous solutions. In the second step, an ultrasonic bath was used
to eliminate the air bubbles, and then the applicator film (Elcometer 4340 Motorized Film
Applicator) was used to cast the polymer solutions on the surface of the PVDF support. After
the evaporation of the solvent, the composite membranes were dried for several days before

characterization and utilization.

2.3. Characterization methods
The prepared membranes were characterized by infrared spectroscopy (IR) (BRUKER,
ALPHA-P in attenuated total reflection (ATR mode), scanning electron microscopy (JEOL,
JSM 649V) and contact angle measurements.

The adhesion tests were performed with the Elcometer 510 Pull-Off Adhesion Gauge; this
automatic gauge and Locite-Snellijmen Glue were used. Pristine and composite membranes
were tested three times and the average value is reported. The observed mean deviation was

small, about +1%.

The conductivity measurements were performed with the bench conductivity meter Jenway

4520, purchased with glass a conductivity probe with ATC (K= 1/cm).

More details on characterization methods can be found in supplementary data “ Data in
Brief™.

2.4. Characterization of the water mass transfer in a direct contact membrane setup
The same apparatus was used to characterize the water transfer through the porous PVDF
membrane, i.e. by membrane distillation process, and through the dense PV membranes, i.e.
by thermo-pervaporation). The performance of the pristine PVDF and of the three composite
hydrophobic membranes (top layer: PMP, PTMSP, AF2400) were determined thanks to a
direct contact membrane configuration having an active surface of 40 cm?2 (Figure 2; see also
Figure 1S, Supplementary material section). The centrifuge pumps, temperature sensors, and
flux sensors were purchased from RS Components, and the balance was acquired from
Sartorius (0.01 g).

629



Conductivity
meter

| Te

[

Balance

5] [ =

Heater 40-90°C

Feed ‘ F, Permeate
Registration and control :
- * Temperature sensors: Ty, T,, Ty, Ty, Ts, Ty
R * Flow sensors (F1 and F2)

* Permeate mass
* Conductivity meter

Figure 2: General scheme of the direct contact membrane (DCM) setup.

Operating conditions: both the feed and the permeate solutions were circulated in closed loops
and the cross flow was ensured on each side of the membrane. The applied flow rates were 1
L/min on the feed side and 0.8 L/min on the permeate side. The water vapor was condensed
on the permeate cold side and the obtained liquid water in excess was continuously weighed
online with a balance. The conductivity of the 3 g/L and 10 g/L feed solutions were 6.5 and
18.9 mS/cm, respectively, at room temperature. At the permeate-side, the measured water

conductivity was close to zero and the measurements are given in uS/cm.

For each experiment, the feed solution, initially pure water on the feed side, was circulated for
approximately 2 h to reach steady state conditions linked to the stabilization of temperatures
on both sides of the membrane. The warm and cold temperatures were controlled at the inputs
and outputs of the cell. All these data were registered on a computer via the software
LabVIEW.

The water vapor that permeates through the membrane was condensed on the downstream
side in the flowing cold liquid. The excess liquid was directly collected and weighed. The
steady state was obtained approximately after 1 hour thanks to the temperature regulations of
the feed and permeate reservoirs connected to the cell. Under steady-state conditions, the
water mass increase in the permeate side was linear versus time. Measurement accuracy is

about 5% (Figure 2S, Supplementary material section).
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3. Results and discussion

3.1. Advantage of PV and MD to treat high salinity solutions
If reverse osmoses is currently the benchmark technology to obtain drinking water from
seawater, then the situation rapidly changes when the salt concentration increases because the
energy demand rises very rapidly. This is the case for the brine generated by RO, whose salt
concentration can increase up to 120 gL™. Indeed, relatively to seawater, the osmotic pressure
at 40°C is dramatically increased by a factor of 250, as calculated from the van 't Hoff
equation (Figure 3). However, for other technologies, such as PV and MD, the main driving
force is the water partial pressure and not the osmotic pressure. Thus, it is interesting to
calculate the variation in the water partial pressure with increasing salt concentration.
Considering brine as the salted feed, it can be shown that there is also a decrease in the water
partial pressure. However, it can be seen in Figure 3 that the pressure decrease is in fact very
limited, i.e., only of a factor of 1.031 compared to seawater at the same temperature. That is
why for PV and MD technologies, the energy demand does not vary significantly with the salt
concentration, while for RO, the energy demand becomes extremely high. Hence, clearly, the
salt concentration for PV and MD is not a thermodynamic barrier, and more water could be

extracted by water vaporization even from brine.
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Figure 3: Effect of the NaCl concentration on the osmotic pressure (dashed line) and on the
water partial pressure (solid line). NB: sea water is approximately 35.5 g. L™, while RO brine
is ~120 g. L'™". Taking the sea water as the reference point for the brine at 40°C, the osmotic
pressure is increased up to 106 bar, while the water pressure vapor is only reduced from

~73 497 to 67 747 Pa (-7%). Data are from [35,36].

MD initially appeared to be the most promising technology to improve water desalination,
especially because of its high productivity, but after two decades of extensive research, the
major issue of wetting has not yet been solved. In fact, the wetting issue has led to a much
lower productivity than expected of MD using porous membranes and to extra operational
costs to dry and recondition the membranes. Therefore, it was our aim within this work to
investigate to what extent PV membranes could effectively be applied to desalination. Indeed,
pervaporation is used conventionally to extract the minor component of a feed whereas in
desalination, water is the major component to be extracted. Thus the membrane must be
enough stable at high water activity and the flux must be high enough to satisfy industrial

criteria. We carried out this study following two steps:

- To find a way to predict the productivity of PV membranes to clarify their potential
industrial interest and to create a tool to design appropriate membranes.
- To achieve the preparation of some original membranes to test their performance with

some model solutions, in comparison to the prediction and to the MD membranes.

3.2. Selection of the polymers and an evaluation of the potential properties
Industrial membranes are composite membranes gathering several layers, each of which is
chosen to bring a specific property, such as the selectivity, mechanical resistance or even a
gutter layer [37]. Regardless of the type of separation, the mass transfer coefficient (Kcomposite)
is linked to the resistance of the composite membrane (Rcomposite), Which is known to follow
the resistance-in-series model [38]:

r - ! Equation (1)

kcomposite_ Kiayer#1 = Kiayer#2
With Reomposite = 1/Kcomposite
Thus, this simple equation can be used to predict the mass transfer through a composite
membrane. A qualitative description of the transfer is given in Figure 4. In the case of a PV
desalination membrane, the composite membrane must have a minimum of two layers, i.e., a
dense layer-coated on a porous mechanical support.
9|29
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Figure 4: Mass transfer parameters governing the permeance of a composite membrane

Thus, the global mass transfer Keomposite (m.s™) can be calculated by equations 1 and 2 [39]:

_ PRT

D.g
kdense—

and kporous:

€dense T.eporous Equatlon (2)
where K gense 1S the mass transfer of the dense layer that is a function of its permeability P and
of R the ideal gas constant (in Jmol. K in the international system of units, T is the
temperature (K), egense IS the thickness of the dense layer (m) and K porous IS the mass transfer of
the porous support. This parameter is a function of the diffusion coefficient (D) (m?s), ¢ is the
porosity, T is the tortuosity and e porous IS the thickness of the porous support. In the
international system, the permeability is expressed in (mol.m.m?.Pa™.s™) but more usual unit

in membrane distillation is in kg.m.m? .s .bar™.

The literature permeability data taken for the dense polymer layers are gathered in the
supplementary Table 1S. Obviously, the dense polymers have a lower permeability than the
porous PVDF. That is why the thickness of the dense layers must be as low as possible to
minimize the overall resistance of the composite membranes. At the industrial level, the
thickness of the selective layer is in the range of 0.1 to a few micrometers [40]. Recent papers
have shown that much thinner dense layers can be prepared, with thicknesses down to ~10
nanometers [41]. This means that the permeance (Pe) of a dense layer, defined as the ratio of
the permeability to the thickness, can nevertheless reach a high value despite the dense
structure of the layer.

The mass transfer coefficients of the porous and dense skin layers of the polymers used were
calculated for H,O by equation (2). The relationship between the mass transfer coefficient and
the thickness is shown in Figure 5 for various types of polymers:

- porous PVDF (a typical membrane used for MD),
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- PMP, PTMSP, and Teflon AF 2400 (three glassy polymers used as dense coating
layers, known for their high free volume content (=28-30%)). Note that PTMSP is

known to suffer from aging effect affecting its free volume and its permeability.

Considering the average thickness of the porous membranes used in MD of 200 um, Figure 5
clearly shows that PTMSP, AF2400 and even PMP can reach the same range of the mass
transfer coefficients if the thickness of the active layer is in the range 0.1-1 um. As thin layers
cannot be used as self-standing membranes, they need to be used as composite membranes,
for instance, by deposition on a porous support layer. Hence, using porous PVDF membrane
distillation as a support (= 200 um) would theoretically provide a composite membrane with a
mass transfer coefficient that can be predicted by equations 1 and 2. In fact, some deviations
from the theoretical calculation can occur due to the experimental preparation that may induce
some known defects, such as the nonhomogeneous thickness of the-coated layer and some
pore plugging of the support membrane. Of course, any pinhole defect must be strictly
avoided.

01 Thlcknelsos (um)

100

Dense membrane

/!
Mass transfer Coeficient m.s?

PVDF (Porous)  cceccceee AF2400 (Dense) = « = PTMSP (Dense) = == = PMP (Dense)

Figure 5: Prediction of the mass transfer coefficients of various dense layers (dashed lines) of
PTMSP, Teflon AF2400 or PMP of porous PVDF membranes (solid line). The km of the
PVDF support (5.6 10 ms™*for a thickness of 200pm) was calculated from our experimental
data and the km of the dense layers from literature data (see Table 1S in DIB).

Moreover, this simple approach based on the prediction of the mass transfer coefficient

demonstrates that the idea of using a dense layer to design a composite membrane definitively
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resistant to wetting is compatible with reasonable water productivity and can fulfill industrial
requirements. Indeed, with Teflon AF or PTMSP as coating layers and PVDF as the
supporting layer, the water productivity is increased a lot when the thickness is below 1 pum.
When the thickness of the coating layer is as thin as 0.1 pum, the water productivity can reach
38% to 63% of the pristine PVDF membrane. Today, this thickness value of 0.1um can be
readily achieved with industrial coating facilities.

Following the above approach, it was decided to prepare several composite membranes based
on the prediction model and on the intrinsic properties of the polymers. The commercial
microfiltration membrane PVDF was used as a porous support, and three hydrophobic
polymers were tested as a dense layer, namely, polymethylpentene (PMP), poly(1-
trimethylsilyl-1-propyne) PTMSP, and Teflon AF®2400, because these polymers have

significant free volume and good thermal resistance.

3.3.1 Scanning electronic microscopy (SEM) observation of the composite
membranes
Table 1 shows the morphology of pristine PVDF and three composite membranes with
coatings of PMP, TeflonAF 2400 and PTMSP. Pristine PVDF is a porous structure with
irregular macrovoids, and the structures of the top and bottom surfaces are similar [42]. The
section views of composite membranes PMP, PTMSP, and AF2400 clearly indicate that the
dense layer does not seem to enter into the porous structure of PVDF. As expected, the

bottom sides keep the same initial structure of pristine PVDF.

Table 1: SEM images for pristine PVDF and composite hydrophobic membranes

Dense layer )
Membrane Cross section Top Bottom
(1 pm)
PVDF
pristine
AF2400 ~2
PMP ~15
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PTMSP ~5

3.3.2 Contact angle measurements

The contact angle provides information about the affinity between a liquid and a
surface, i.e., a high angle means a low affinity. With porous membranes, such as in
conventional MD, to prevent the intrusion of water into the pores, the surface must be
hydrophobic to avoid any spontaneous pore wetting. The contact angle determines the value
of the liquid entry pressure in the case for porous membrane [43]. In the case of composite
membranes, if the top surface of the pristine PVDF is coated totally by a dense layer the
contact angle must be different and close to the contact angle of the polymer used for coating.
The measured values of the top surfaces of our membranes are given in Table 2 and a similar
value was found in the literature for each polymer. This means that the surface is coated by

the new polymer.

Table 2: Contact angle of pristine PVDF and composite membranes.

Contact angle (°) Contact angle (°)
Membrane ) _ Reference
this work Literature
PMP 96 98 [44]
PTMSP 83 88 [45]
AF2400 112 105 [46]
Pristine PVDF 126 127 [42]

Details of the measurements are given in the supplementary Table 2S.

3.3.3 Studies of the mechanical stability of the composite membranes via adhesion
tests
The adhesion test was carried out to check the mechanical stability of the active layer.
The results are represented in Figure 6. Each test shows that under the pulling stress, breaking
Page 13|29



is observed at the PVDF support level or glue level. These results indicate that the adhesion is
very good between the support and the-coated hydrophobic layer. Data are given in the

supplementary Table 3S.

MPa

Pristine PMP PTMSP AF2400
PVDF

Figure 6: Mean results of pull-off adhesion tests of the composite membranes comparatively

to the pristine PVDF membrane.

3.3.4 Fourier transform infrared spectrometry (FTIR) characterization

The FTIR spectra of pristine PVDF and the three composite membranes are shown in Figure
7. For each composite membrane, characteristic peaks of the coating polymer could be
identified. The PVDF+PTMSP membrane shows a peak near 800 cm™ that is assigned to the
stretching of the -Si-CH3 group. The PVDF+PMP spectrum shows peaks in the range 3000-
2950, which were attributed to -CH stretching in CHs. PVDF +AF2400 is characterized by its
CF3 peak close to 1200 cm™. The FTIR analyses confirm the modification surface of the
PVDF support, and the observed characteristic peaks matched well with the literature data
[47-49].
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Figure 7: FTIR of pristine PVDF and composite membranes.

3.4 Desalination experiments

3.4.1 Blank experiment: case of pure water permeation

All experiments were carried out with a direct contact membrane cell (DCM) used for porous
and dense composite membranes by using pure water in the feed and in the permeate sides of
the membrane, with a duration of several hours. The stability of the temperature on the cold
and hot sides of the membrane cell test was carefully controlled to ensure constant driving
force and transmembrane fluxes (Figure 3S, Supplementary material section). As shown in
Figure 8, the temperature difference and the measured partial pressure difference were both

constant throughout the experiment with the setup.
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Figure 8: Example of the stability of the applied temperatures and driving force versus time.
Case of PVDF+AF2400 with pure water. Temperature difference: solid line; pressure
difference: dashed line.

Analogous experiments were carried out with pristine, porous PVDF and composite
membranes. For each membrane, the measured water flux was found to be effectively
constant from the start of the steady state period to the end of the test at 8.5 hours
(Supplementary material Figure 4S, 5S). These data confirm the good stability of the direct

contact membrane cell setup for hours.

All the water permeance results are gathered in Figure 9; it can be seen that the porous PVDF
membrane could give rise to a permeance of about 250 kg.m2.h™.bar?, while the composite
membranes with dense layer of AF2400 and PTMSP reached permeance of 30 and 25 kg.m’
2h™ bar?, respectively. For the third composite membrane prepared with PMP, a lower
permeance of 5 kg.m2. h™.bar! was obtained as expected, because of the higher thickness of

the dense top layer, i.e., 15 um.
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Figure 9: Permeance of pure water versus time for porous PVDF and composite membranes.

At first glance, the difference between the permeance of the pristine PVDF and of the
composite membranes can seem substantial because they reach only 10% of the PVDF
permeance. Nevertheless, it is worth noting that these homemade membranes are far from
being optimized from the viewpoint of the thickness of the top layer. Indeed, it is known that
industrial procedures now allow the coating of much thinner, defect-free top layers in the
range of 0.1-1 micrometer. Hence, considering the resistance-in-series model (cf. Figure 5),
the intrinsic mass transfer resistance of optimized composite membrane should be reduced to
a large extent by reducing the top layer thickness. The simulation of the mass transfer
coefficient and permeance of such composite membranes can be easily calculated (Equation
1); they are given in Table 3 for a thickness of 0.1um the top layer. As the mass transfer
coefficient varies as 1/(Rsupport+Riop_layer), the permeance rapidly increases when the thickness
of the top layer is decreased, clearly showing that much higher permeance should be obtained

with the composite membranes.
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Table 3: Calculation of the mass transfer coefficients and of the water permeance of the
composite membranes using the experimental PVDF support permeance and the permeability
of the dense top layer of PTMSP or Teflon AF2400.

Support Prediction for composite membranes ”
PVDF PTMSP TeflonAF
(122 pm) (0.1 um) (0.1 pm)
Mass transfer coefficient 9.9E-02° 4 8E-02 2 5E-02
(m/s)
Water Permeance

a) Calculated from the experimental data
b) Calculated according the equation (2), using the literature permeability data; the

conversion factor permeability from in Barrer to (mol.m)/(m?.s.Pa) is 3.34 10™°

The main conclusions of this first set of experiments with pure water are that stable composite
membranes can be obtained and that the resistance-in-series model predicted promising
results in terms of the water permeance with the top layer in the range of 0.1 um and a PVDF
support of 122um. Indeed these composite membrane are expected to have rather permeation
performances because no wetting phenomena can occur whereas porous distillation

membranes are known for having a fast, dramatic decrease of their permeance.
3.4.2 Desalination experiments: performance and stability

Using similar conditions (feed temperature inlet 50°C and permeate temperature inlet 20°C),
the above set of membranes were used to achieve the desalination of three aqueous solutions
of NaCl: 3 g/L, 10 g/L and 10 g/L + 1 g/L of the surfactant SDS. As the conductimetry
method used to control any leak of salt in the permeate is a very sensitive method, it was not
necessary to used high salt concentration. In addition, using these relatively low salt
concentrations helps to carry out the experiments with a high driving force both in PV and in
MD.

For each experiment, the system was first operated with pure water to reach steady state
conditions. Then, the composition of the feed was adjusted to the desired concentration and
maintained until reaching the steady state. The main objective was to measure the salt
rejection and to compare the results obtained with the pristine PVDF membrane and with the
three lab-made pervaporation membranes (Teflon AF2400, PMP and PTMSP).
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Figure 10 shows these results with the first feed solution (3 g/L). After an initial period of
stabilization following the addition of the salt on the feed side, the permeance of each
membrane was constant versus time. For the porous PVDF membrane, no indication of

wetting was observed during the whole experiment, as expected under these conditions.
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Figure 10: Desalination experiments. Permeance vs time of the pristine PVDF (solid line)
and of the composite membranes (dashed lines). Feed: 3 g/L NaCl, temperature difference:
30°C.

The value of the conductivity of the water solution circulating downstream of the membrane
was also monitored simultaneously. Compared to the value of the feed solution (6 mS/cm),
the values of conductivity measured on the permeate side were steady and very small, in the
range of 1.5 to 5 uS/cm, as shown in Figure 11. These values confirmed that under these
operating conditions, no salt could cross the membranes, neither with the porous membrane

nor with the dense composite ones.
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Figure 11: Monitoring of the permeate conductivity during the desalination experiments with
PVDF (solid line) and the three composite membranes (dashed lines). The upper thick line
shows the value of the conductivity on the feed side, 3 g/L. The salt concentration in the feed
and initial conductivity are 3 g/L and 6 mS/cm, respectively. Temperature difference: 30°C.

3.4.3 Wetting resistance of the composite membranes

To evaluate the resistance of the membranes to the wetting phenomena, which is known to
occur over time with porous distillation membranes, such as PVDF, the experiments were
repeated under more drastic conditions, i.e., using a feed containing both a higher NaCl
concentration and a surfactant, SDS at 1 g/L. SDS is a surfactant that is well known to induce
a decrease in the surface tension of water solutions. Starting with pure water as the feed, the
experiments were carried out with each membrane, and then the salt concentration of the feed
was increased stepwise to 3 g/L and then to 10 g/L (Figure 12). For these two concentrations,
the water permeance was almost steady for the three membranes (PVDF = 300 kg.h"*.m™.bar*
and PV membranes ~ 3 kg.h“.m?bar™). Especially the value of conductivity recorded for
these three membranes was extremely small (<5 pS/cm) showing that no wetting phenomena

occurred at this step.
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After approximately 3 h, SDS was finally added to the feed as a water solution. The Figure 12
also gathered the results of the permeance (dashes lines) and of the conductivity (bold lines)
obtained with these conditions on the right hand-side. It can be seen that almost immediately,
the conductivity corresponding to the PVDF began dramatically to rise (factor 1000), while its
permeance started to decrease significantly (slope ~ -25 kg.h, i.e., 8% loss). In contrast, no
significant modification was observed for the PV membranes, neither for the permeance nor

for the conductivity.
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Figure 12: Investigation of the wetting resistance of the membranes versus feeds containing
successive NaCl (up to 10 g/L) and NaCl with a surfactant (SDS 1 g/L). Permeance is given
as dashed lines and the conductivity as solid lines. The black arrows indicate the negative
slopes of PVDF permeance before and after the addition of SDS. Note also that the
conductivity related to PTMSP and AF2400 are both very small and fused on the x axis, as
shown by zooming.

These results clearly indicated that a part of the porous structure of the PVDF membrane
became very rapidly wet, allowing NaCl to cross the membrane and increasing the mass
transfer resistance for the water vapor. (Figure 6S, Supplementary material section). The

transparent flat cell used in our setup allowed us to visualize the development of the wetting
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phenomenon from the inlet to the outlet of the feed (Figure 7S, Supplementary material

section).

4. Conclusion

The results presented in this work allow us to draw very positive conclusions on the potential
industrial use of pervaporation membranes for water treatment applications such as
desalination. Indeed, a very important challenge in desalination is to be able to design and
prepare membranes that can withstand the wetting phenomenon, which currently precludes
porous membranes from being used in membrane distillation. Confirming previous results,
this work provides evidence that pervaporation can totally prevent wetting, even in the
presence of surfactant in the feed.

Moreover, these results show that hydrophobic composite membranes that have a top dense
layer are very promising candidates to develop highly permeable membranes for water.
Indeed, there is no need to use hydrophilic membranes, which could lose their stability over
time due to the swelling phenomenon or partial dissolution in water feeds.

Using a simple predictive approach based on the resistance-in-series model, it was also shown
that the dramatic decline of the permeance usually observed with pervaporation membranes
could be avoided if the polymers used to prepare the selective top layer are adequately chosen
to match with the porous support properties. The main parameters to be controlled are as
follows:

- the polymer permeability together with the layer thickness to tune the permeance of
the selective layer for water and to obtain composite membranes with a mass transfer
coefficient quite close to the mass transfer coefficient of the conventional porous
distillation membrane like PDVF.

- the compatibility of the polymer for the material used as porous support to ensure
good adhesion between the networks and to avoid delamination hazards in water
solutions.

- the surface properties of the porous support, which should prevent the intrusion of the
coating polymer into the pores of the support.

It was shown that even glassy polymers, which cannot be swollen by water, are promising

candidates. With thicknesses in the range of 0.1 to 1 um, the permeability for water should

be above 4000 Barrer.
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This work made use of super glassy polymers, e.g., PTMSP, Teflon AF 2400 and PMP,
but other polymers endowed with high free volumes, such as PIM, may also be good
candidates. The obtained results also mean that such membranes may be useful for
treating hypersaline solutions, such as brine, issued from the use of RO technology.
Finally, it should also be emphasized that a further advantage of a pervaporation
membrane using a polymeric top layer should be less prone to fouling than conventional

MD membranes because the polymeric dense top layer has no physical pores.
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