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Highlights

 A PDMS thin-film composite membrane demonstrated an exceptionally high 
pure water flux of ~70 kg m-2 h-1 in pervaporation mode. 

 A hydrophobic PDMS composite membrane demonstrated better 
performance than state-of-the-art hydrophilic polyamide RO membranes. 

 The presence of salt in the feed reduced the water flux for all membrane 
types.

 PDMS/PSf composite membranes and PDMS-coated reverse osmosis 
membranes were less affected than hydrophilic membranes by the presence 
of salt. 
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ABSTRACT

The pervaporative desalination of synthetic seawater and brines was studied to explore the 

water flux and salt rejection of a thin-film composite (TFC) membrane made of 

polydimethylsiloxane (PDMS) dip-coated on porous polysulfone support. Despite the 

hydrophobic nature of rubbery PDMS, we demonstrate that nonporous TFC membranes exhibit 

remarkable pervaporative desalination performance as evidenced by very high water 

permeance and 99.8±0.2% NaCl rejection. For comparison, two commercial hydrophilic 

polyamide thin-film composite membranes designed for reverse osmosis (RO) were also tested 

in pervaporation mode. At the highest temperature explored (85 °C) the PDMS thin-film 

composite membrane produced an outstanding pure water flux of ~70 kg m-2 h-1, which was 

2.6 times higher than that of the best commercial RO membrane tested in this work. Although 

the presence of salt in the feed water reduced water flux to 36  kg m-2 h-1 (at a brine sodium 

chloride concentration of 70,000 ppm and 85 °C), the hydrophobic PDMS composite 

membrane performed among the best compared with previously reported hydrophilic TFC 

polymer membranes. 

Keywords: Seawater desalination, brine desalination, pervaporation, polydimethylsiloxane, 

thin-film composite membrane.

1. Introduction

Freshwater is essential to human consumption, agriculture, and industrial production [1,2]. By 

2050, emerging countries will undergo extensive economic development, and today's world 
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population is expected to rise by up to 3 billion. Locally, this will cause freshwater scarcity 

troubling the life of two to seven billion people [3]. In addition, climate change might aggravate 

this scenario by affecting regions with sufficient current water supply [4]; meanwhile, the 

quality and quantity of groundwater resources are hampered by overconsumption and 

pollution. Hence, it is expected that water supplies will progressively rely on water desalination 

technologies, which are independent of local climatic conditions [1,5,6] and can produce 

freshwater even from polluted intake streams. 

In the case of brackish and seawater, the feed contains salt concentrations of ~500-10,000 

parts per million per unit weight (ppm) and ~10,000–35,000 ppm, respectively. Two main 

classes of large-scale desalination technologies are currently employed: (i) thermal and (ii) 

pressure-driven membrane-based processes. Desalinated water production by reverse osmosis 

(RO) membrane technology covers more than 60% of the world’s total market and is steadily 

increasing [7]. In RO, seawater is pumped against the osmotic gradient across the dense active 

layer of a membrane to obtain freshwater. The progressive employment of pressure recovery 

systems has cut down the energy requirement of RO to ~2-4 kWh/m³, which is very close to 

the theoretical desalination energy minimum (i.e., 1.06 kWh/m³ for a 35,000 ppm salt-

containing seawater feed and at 50% recovery) [5]. However, to treat brine streams through 

RO, impractically high operating pressures would be required to overcome the very high 

osmotic pressure generated by the high salinity of the feed.  

Multi-effect distillation (MED) and multi-stage flash (MSF) are among the most energy-

efficient thermal methods and cover ~25% of the total desalinated water worldwide market (the 

remaining ~15% are shared mainly between vapor compression, electrodialysis, and single-

effect evaporation) [8]. Energy requirements of MED and MSF have been continuously 

improved through the introduction of modern heat exchange technologies and their 

optimization. This has brought the energy consumption of these systems within the range of 
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14-27 kWh/m³ (in terms of electrical energy equivalent based on power plant efficiency of 

30%) [9]; note that a bulk part of these values is the thermal energy of the primary heat source, 

whereas only 2-5 kWh/m³ is the electric energy that runs system pumps [9]. The gain output 

ratio (GOR, the total latent heat of evaporation of produced freshwater divided by the total heat 

input) of MED and MSF methods ranges in between 8-12 [9]. Although thermal systems are 

less energy-efficient than RO, they can effectively desalinate concentrated feeds (i.e., >35,000 

ppm) because their operation is governed by the vapor-liquid equilibrium (VLE) — allowing 

water to evaporate and keeping salt ions in the boiling solution. 

Very recent studies on the effect of brine discharge have highlighted the potential disruptive 

impact on local sea ecosystems of high salts concentrations, high temperatures, and the 

presence of pre-treatment chemicals [2,10,11]. The amount of waste brine produced can be 

minimized by recurring to technologies less affected by feed salinity. Apart from the above-

mentioned thermal methods, membrane distillation (MD) [12,13] and pervaporation (PV) are 

two proposed membrane techniques for this scope. In fact, both MD and PV combine the 

efficiency and flexibility of membrane-based systems and the insensitivity to intake the high 

salt concentration of thermal methods to produce potable water. However, the key difference 

between these two processes is the function of the membrane to perform the separation. In MD, 

porous hydrophobic membranes provide mechanical support for the creation of a stable liquid 

feed-vapor interface where water vapor transport occurs by pore flow; here, pore size and 

porosity are important membrane characteristics that affect water flux. On the other hand, PV 

utilizes a nonporous interfacial barrier layer between the liquid feed and vapor permeate where 

permeation is determined by a solution/diffusion transport mechanism [14] where the water 

permeability of a membrane is dependent on its solubility and diffusion coefficient components 

[15,16]. In PV, water transport is driven by a partial pressure difference imposed between the 

two interfaces of the active layer of a membrane. A vacuum is applied to sustain a suitable 
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driving force (other arrangements resort to sweep gas), and, in most cases, the liquid feed is 

heated. The water vapor then moves from the permeate side of the membrane towards a 

condenser, where it is captured as freshwater. Because PV involves a change from liquid to 

vapor phase across the membrane (from feed to permeate) and salt molecules are non-volatile, 

the process allows obtaining freshwater virtually 100% free of salts. Compared to conventional 

thermal processes, PV operates at lower temperatures (in the range of 35-95 °C), enabling the 

employment of low-grade heat (obtainable from solar energy and geothermal sources) and 

waste heat [12,17,18].

Similar to the selection of membrane materials for gas dehydration processes [19], most 

membranes tested to date for PV desalination are based on hydrophilic materials to enhance 

the solubility component to water transport. Specifically, PV desalination studies were 

performed with polyether-polyamide block copolymer (PEBAX) [20–22], cellulose-based 

[23–26], polyvinyl alcohol-based (PVA) [27–33], graphene oxide (GO) [34–36], sulfonated 

block copolymers [37,38], ion-exchanged polyethylene [39], inorganic [40–51], and mixed-

matrix/hybrid [32,52–55] active layers. For example, Li et al. [35] synthesized a GO active 

layer on polyvinylidene fluoride (PVDF) support and reported a pure-water flux value of 67 kg 

m-² h-1 at 70 °C. Liu et al. [43] fabricated very thin 2D MXene nanosheet membranes on porous 

polyacrylonitrile (PAN) support and recorded a flux of 85.4 kg m-2 h-1 at 65 °C and 35,000 ppm 

NaCl feed concentration. Song et al. [56] employed carbon molecular sieve-Al2O3/α-Al2O3 

mixed-matrix membranes prepared from a phenolic resin precursor and obtained a water flux 

of 25 kg m-2 h-1 at 65 °C and a NaCl feed concentration of 35,000 ppm.

Pervaporation membrane flux can be enhanced by reducing the active layer thickness and 

using materials that are highly permeable for water. Interfacial polymerization has been proven 

to be an industrially viable method to produce ultrathin selective layers. Hydrophilic 

interfacially polymerized polyamide thin-film composite membranes have been 
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commercialized over the past 40 years on a mass-production scale as low-cost state-of-the-art 

RO and NF membranes. For a large fraction, these polyamide membranes are synthesized via 

an interfacial polymerization reaction of m-phenylenediamine (MPD) and trimesoyl chloride 

(TMC) on porous polymeric supports [57–59]. They are characterized by strong mechanical 

robustness and excellent separation efficiency in RO applications with salt rejections > 99% 

[58]. 

Apart from reducing the active layer thickness to increase PV desalination water 

permeance, active layer materials of exceptionally high intrinsic water permeability are of 

interest. Previous studies demonstrated extraordinary permeabilities in rubbery 

polydimethylsiloxane (PDMS) [60–62]; although PDMS is a hydrophobic polymer, its water 

permeability is higher than that of hydrophilic PVA and cellulose acetate (CA) [60,63] due to 

its extremely high water diffusion coefficient of ~0.2-2x10-4 cm2 s-1 [62–67]. For example, 

Rogers et al. [60] reported a water vapor permeability (for a feed of 20% relative humidity) of 

4x104 Barrer (1 Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1) at room temperature, which is 

more than twofold higher than that of cellulose acetate. Later, Baker et al. [14] evaluated PDMS 

thin-film composite membranes in pervaporation experiments at 75 °C using water/ethanol 

feed and reported a ~ 1.7 times higher permeability for water (specifically 2.5x104 Barrer) than 

ethanol. Hydrophobic PDMS was intrinsically more permeable to water than to ethanol 

because the transport was kinetically dominated due to its higher diffusion coefficient.

Interestingly, the use of PDMS membranes for a pervaporation process treating human 

wastewater (also containing dissolved salts) was initially proposed in a patent about 50 years 

ago [68] but has never been implemented in industry. Recently, Xu et al. [69] reported the 

desalination of a salt-water feed containing 3.5 wt% NaCl by pervaporation using a dense 

isotropic PDMS film at room temperature (referred as ‘air-sweep vacuum membrane 

distillation’ in their work). The authors concluded that freshwater could be produced using 
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PDMS; however, very low water flux (0.043 kg m-2 h-1) was achieved due to the thickness of 

85 µm of their freestanding PDMS film.

In this work, we investigated the pervaporative desalination capability of a hydrophobic 

thin-film PDMS composite membrane (note that the benefit of using hydrophobic materials for 

PV desalination has been recently recognized [70]). For comparison, we also studied the 

pervaporative desalination performance of two hydrophilic commercial polyamide RO TFC 

membranes. The defect-free PDMS membranes were characterized by gas permeation, 

scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and 

spectroscopic ellipsometry characterizations to support the discussion of the results. 

2. Materials and methods

2.1. Materials

Sodium chloride, iso-octane, isopropanol (IPA, 99.5+% ACS reagent grade) were acquired 

from Sigma-Aldrich. Polysulfone ultrafiltration (PS 35) and a seawater reverse osmosis (RO4) 

thin-film composite membranes were purchased from Sepro Membranes, Inc. (Carlsbad, CA, 

USA). Commercial Toray UTC80LB reverse osmosis membranes were purchased from 

Sterlitech Corp. (Kent, WA, USA). Polydimethylsiloxane (PDMS) Sylgard® 184 A (pre-

polymer) and B (crosslinker) were obtained from Dow Corning (MI, USA). The 

hydrophobicity of a heat-cured Sylgard 184 PDMS film sample has been previously established 

by contact angle measurements with a value of 113.5 ±2.0° [71].

Test gases helium, oxygen, and nitrogen were purchased from AHG Specialty Gases (Saudi 

Arabia). 

2.2. PDMS composite membrane fabrication 
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A Sylgard® A-B mixture (10:1 weight ratio) was dissolved in iso-octane to produce 1 wt/vol% 

PDMS precursor solution (stored at 4 °C before use). PDMS thin-film composite membranes 

were prepared similar to the method reported by Li et al. [72], which eliminated intrusion of 

thePDMS coating solution into the porous support membrane. 

A porous polysulfone support was thoroughly washed in tap water for 24 h to remove 

entrapped glycerin; thereafter, water was removed only from the surface of the water-wet 

membrane with a rubber roller. Finally, a thin liquid layer of PDMS in iso-octane was deposited 

onto the wet porous polysulfone support membrane by wick-coating with a sponge. The PDMS 

composite membranes were dried at room temperature for 30 min followed by curing at 80 °C 

under nitrogen flow for 20 h before use. 

A PDMS layer was also applied on top of a commercial Sepro-RO4 coupon by dip coating 

and tested for pervaporative desalination. In this case, a Sepro-RO4 sample was taped/sealed 

on its edges to a flat metallic frame and then slowly immersed in the 1 wt/vol% PDMS/iso-

octane solution, held for 30 seconds, and then removed from the solution at a withdrawal rate 

of 2 cm s-1. The membrane was dried under the same conditions as described above.

2.3. Characterization of membranes

A scanning electron microscope (SEM), FEI Quanta 600 (Hillsboro, OR, USA) was used 

to image surface characteristics of membranes investigated in this study. Samples were 

mounted on a holder using double-sided carbon tape and were coated with iridium using a 

sputter coater. Energy-dispersive X-ray spectroscopy (EDX) analysis was performed using an 

Ametek EDAX analyzer (PA, USA) and the Texture & Elemental Analytical Microscopy 

(TEAM) software package. Ellipsometry surface and thickness measurements were obtained 

using an M-2000 UI ellipsometer (J.A. Woollam Co., Lincoln, NE, USA) employing the 
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method reported previously [58]. The PDMS film thickness was determined with spectroscopic 

ellipsometry (J. A. Woollam, M-2000 DI) by recording psi and delta spectra in a wavelength 

range of 370 – 1700 nm at three angles of incidence (65, 70, and 75°) on several random 

locations on the membrane surface. The optical model representing the membrane samples 

comprised a porous polysulfone support (which was treated as an effective medium [73], i.e., 

a mixture of dense polysulfone polymer (n = 1.630, supplier datasheet) and voids (n = 1.000)) 

with a thin uniform PDMS layer on top [74]. The optical dispersions of all components were 

modeled using a Cauchy equation n(λ) = A + B/λ + C/λ2, where A, B, and C are fit parameters, 

and λ is the light wavelength (in µm). Fit parameter correlations were found insignificant, and 

the fits presented low mean square error values indicating good accuracy of the obtained 

selective layer thickness data. 

2.4. Pure-gas permeation tests

The purpose of the gas permeation measurements was to ensure that the PDMS thin-film 

composite membranes were defect-free so that transport was entirely controlled by the 

solution/diffusion mechanism. Before undergoing gas permeation testing, both commercial 

Sepro-RO4 and Toray-UTC80LB membranes were treated by immersion in water for 24 h, 

soaked in isopropanol for 60 min for solvent exchange, and finally, air-dried for 24 h at room 

temperature. In this study, we employed a constant-pressure/variable-volume permeation 

system for the pure-gas permeation tests using a stainless steel cell with an active area 13.9 

cm2. The tests were performed with an upstream and downstream pressure of 7.9 and 1 atm, 

respectively. Gas permeances (Pi/ ) of helium, oxygen, and nitrogen were calculated via Eq. 1 

from permeation flow measurements conducted with a soap-bubble flow meter.
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(Pi/) =
273.15 ⋅ patm

A ⋅ (pfeed - pperm) ⋅ T ⋅ 76 ∙
dV
dt Eq. 1

where  is the atmospheric pressure (cmHg),  and  are the feed and permeate 𝑝𝑎𝑡𝑚 𝑝𝑓𝑒𝑒𝑑 𝑝𝑝𝑒𝑟𝑚

pressures (cmHg),  respectively,  is the volumetric flow rate (cm3 s-1),  is the measurement 
𝑑𝑉
𝑑𝑡 𝑇

temperature (K), and  is the active surface area (cm2). Permeance (P/) is commonly 𝐴

expressed in GPU [1 GPU = 10-6 cm3(STP) cm-2 s-1 cmHg-1 = 3.35 x 10-10 mol m-2 s-1 Pa-1]. 

The pure-gas permselectivity  [-] was calculated from: .αA
B αA

B = (Pi/)A (Pi/)B

2.5. Desalination via pervaporation experiments

Fig. 1 shows the pervaporation setup used in this work. A gear pump (Micropump L22094, 

Cole-Parmer™, Bunker Court Vernon Hills, USA) was used to flow the feed across the 

membrane and then back to the feed tank; the pump operated at full power to maximize the 

flow rate (162 l h-1) and the turbulence at the membrane surface. The temperature sensor at the 

retentate side of the cell was connected to a proportional integral derivative (PID) controller, 

which regulated the heat transfer from the RET Control-Visc heating plate (IKA™, Staufen, 

Germany) underneath the feed tank (a water bath was also used to buffer any heat excess). At 

the downstream side of the setup, a vacuum pump (nXDS10i, Edwards, Burgess Hill, UK) 

created the low permeate pressure that was sensed via a pressure transducer (TMDPG409-

030A, Omegadyne, OH, USA). 

The collected weight of each permeate sample resulted from the difference between the 

weight of the used cold-trap prior and at the end of a single pervaporation experiment. Our 

apparatus consisted of two cold traps arranged in parallel that guaranteed a continuous 

permeation operation (a system of valves allowed an easy cold-trap switch) and thus fast and 

accurate experiments. The water flux J [kg m-2 h-1] was calculated from Eq. 2:
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𝐽 =
𝑚

𝐴 ⋅ 𝑡 Eq. 2

where  is the permeated water weight [kg], A the effective surface area of the membrane [m²], m

and t [h] the permeation time. 

Before each pervaporation experiment, all membranes were conditioned by immersion in 

isopropanol for 5 min and then rinsed with water for 15 min. Pervaporation experiments of (i) 

Milli-Q water, (ii) synthetic seawater (35,000 ppm of NaCl in Milli-Q water), and (iii) synthetic 

RO brine (70,000 ppm of NaCl in Milli-Q water) were performed at three temperatures, i.e., 

31.2±1.3, 54.9±0.1, and 84.2±1.6 °C (in this work, we refer to the rounded values of these 

temperatures as 30, 55, and 85 °C). 

Feed, retentate, and permeate samples were characterized for salt concentration using an 

Ultrameter II conductivity meter (Myron L™, Toronto, Canada). Retentate salt concentrations 

were essentially equal to that of the feed at the beginning of the experiment. 

It must be noted that we used the same membrane coupon (A = 13.9 cm2) for the gas 

permeation and for the desalination pervaporation tests. This was done by transferring the 

membrane cell from the gas permeation test system to the pervaporation setup. Hence, each 

coupon was tested for gas permeation, pervaporation of pure-water permeation, and 

desalination of 35,000 and 70,000 ppm salt concentration feeds. During each experiment, once 

at steady state, at least three samples were taken for both the retentate and the permeate while 

also recording the values of temperature and pressure during each sampling. These data were 

then averaged and used for the estimation of fluxes, permeances, and related experimental 

errors. The absolute maximum value of the standard error on water flux was 3%.
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Fig. 1. Pervaporation setup used in this study.

3. Results and discussion

3.1. Active layer characterization: membrane defects and thickness

For all tested membranes, the dry-state gas transport behavior was characterized to serve 

as a reference to the analysis of our pervaporation data. Ellipsometry spectroscopy and surface 

morphology SEM analysis support the discussion of the gas permeation results.

Previous studies demonstrated that commercial reverse osmosis TFC membranes made by 

interfacial polymerization are defective in the dry state [59,75–77] and that surface coatings 

can plug these defects [78–80]. Our observations were in agreement with these findings; in 

fact, both dry Sepro-RO4 and Toray-UTC80LB membranes presented Knudsen-like 

permeance gas-pair selectivities that indicated the existence of local defects. For example, 

He/N2 selectivity was 2-3 for both dry commercial RO membranes, as reported in Table 1. 

Being highly gas permeable, PDMS is commonly used to plug active layer pinhole defects in 

gas separation membranes. Hence, when the Sepro-RO4 was coated with a PDMS layer (i.e., 

labeled as Sepro-RO4-PDMS membrane), the He/N2 selectivity increased significantly from 

~3 to ~120, and, at the same time, the He permeance decreased from ~240 to ~60 GPU (Table 
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1). The He permeance and He/N2 selectivity of the PDMS-coated Sepro-RO4 closely compared 

with that of defect-free aromatic polyamides TFC membranes [59]. This result indicates that 

the PDMS coating effectively sealed the defects in the Sepro-RO4 membrane and, 

consequently, gas permeation for this multilayer composite membrane occurred exclusively by 

the solution/diffusion mechanism.

Gas permeance data of the PDMS thin-film composite membrane confirmed the formation 

of an ultrathin defect-free layer on the porous polysulfone support as demonstrated by an O2/N2 

selectivity of 2.1 that was comparable to that of thick isotropic PDMS films [72]. Spectroscopic 

ellipsometry measurements confirmed the presence of an ultra-thin PDMS layer of ~120±10 

nm thickness on top of the porous polysulfone support.

SEM surface morphologies of all tested membranes are shown in Fig. 2. Both commercial 

RO membranes (Fig. 2a and Fig. 2b) displayed the characteristic ridge-and-valley structure of 

MPD-TMC-based TFC membranes [59]. The PDMS/PSf membrane exhibited a smooth and 

featureless top surface (Fig. 2c). Finally, Fig. 2d shows that the surface roughness of a PDMS-

coated Sepro-RO4 membrane was substantially reduced, although ridges of the polyamide 

layer are still visible.

Table 1. Pure-gas permeances (He, N2, and O2) and gas-pair selectivities (He/N2 and O2/N2) 
of all membranes tested in this work under dry conditions.

𝐏𝐇𝐞 𝐏𝐎𝟐 𝐏𝐍𝟐 𝜶𝐇𝐞/𝐍𝟐 𝜶𝐎𝟐/𝐍𝟐

[GPU] [GPU] [GPU] [-] [-]

Toray-UTC80LB 3398 1523 1655 2.1 0.92
Sepro-RO4 240 87 91 2.6 0.96

Sepro-RO4-PDMS 61 0.8 0.5 122 1.6

PDMS/PSf 962 1029 495 1.9 2.1
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Fig. 2. SEM top view of (a) Sepro-RO4, (b) Toray-UTC80LB, (c) PDMS/PSf thin-film 
composite, and (d) Sepro-RO4-PDMS membranes.

3.2. Pure-water vapor sorption and permeation analysis

Before introducing our pure-water pervaporation results, it is opportune to present the water 

sorption behavior of PDMS and crosslinked glassy polyamide materials. Earlier studies 

demonstrated that hydrophilic MPD-TMC polyamide [81] because of its intrinsic affinity to 

water and its glassy state (in which non-equilibrium excess fractional free volume provides 

enhanced sorption capacity) can uptake more than two orders of magnitude more water than 

the highly hydrophobic PDMS [64,67], as shown in Fig. 3.

Despite this water solubility advantage, the water permeability of MPD-TMC polyamide 

is limited by its much lower water diffusion coefficients than that of the hydrophobic PDMS. 

For example, in the range of temperatures explored, the pure-water flux of the PDMS/PSf thin-

film composite membrane was more than twice as high as those of Sepro-RO4 and Toray-

UTC80LB; with a maximum value of ~70 kg m-2 h-1 at a feed temperature of ~85 °C (Fig. 4a). 

Pure-water flux curves of commercial Sepro-RO4 and Toray-UTC80LB membranes were 

similar and ranged between 6 - 31 kg m-2 h-1 at the explored temperatures (Fig. 4a). The pure-

water flux of the hybrid Sepro-RO4-PDMS membrane was lower than that of pristine Sepro-
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RO4 due to the presence of the PDMS coating, which plugged all defects of the selective 

polyamide layer.

Fig. 3. Water vapor solubility isotherms of crosslinked MPD-TMC glassy polyamide at 35 °C 
[80] and PDMS [64,67] films (PDMS is shown in the insert graph). Lines are drawn to guide 
the eye. The insert graph has the same units as the main graph.

In all cases, the water vapor pressure driving force increased with feed temperature, as 

shown in Fig. 4b. As expected, we found that the Arrhenius’ equation (i.e.,  J =  J∞ ∙

, where   and  are the apparent activation energy and water flux at infinite exp { - Ef
a (R ∙ T)} Ef

a J∞

temperature, respectively) could fit the pure-water flux behavior of all tested membranes (Fig. 

4c). 

The ratio of molar flux and driving force, i.e., water permeance, instead presented a 

negative trend by increasing temperatures (Fig. S3); and, we also found that the Arrhenius’ 

equation could fit (not reported) appropriately permanence vs. inverse of temperature data 

producing negative values of permeance activation energy. This indicates that the process is 

solubility-dominated [82] since water and salt uptakes reduce for increasing temperatures 

(similar observations can be found elsewhere [22]). 
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Fig. 4. (a) Data of pure-water flux vs. temperature for pervaporation experiments via 
PDMS/PSf, Toray-UTC80LB, Sepro-RO4, and PDMS-coated-Sepro-RO4 membranes (curves 
represent the Arrhenius' model fit). (b) Permeation driving force vs. temperature. (c) Natural 
logarithm of water flux vs. T-1 [1/K] (i.e., Arrhenius’ plot) for all membranes tested in this work  
(   and  parameters are reported in Table S1 and process related data are shown in Tables Ef

a J∞

S2-S5).

3.3. The influence of salt concentration and temperature on water transport

The discussion is now extended to the pervaporation results obtained at different NaCl-

water feed concentrations. In principle, NaCl should not reach the condenser because of the 

non-volatile nature of salt ions, and, therefore, the salt rejection should be 100%. However, salt 

diffused to the permeate side of the membranes, as evidenced by EDX results shown in Fig. 

S2. We suggest that some salt crystals were dislodged from the permeate side of the membranes 

by the applied vacuum and captured in the condenser. However, the salt rejection in our 

experiments was always higher than 99.8%.

As in the case of pure-water experiments (Fig. 4a), water flux increased with temperature 

for salt-water experiments with PDMS thin-film composite membranes (Fig. 5a and 5b). 

Moreover, the presence of salt in the feed reduced the water flux compared to the pure-water 

case — which is coherent with previous observations reported in the literature for pervaporative 

desalination [25,34,48,83–85]. The water flux varied substantially when the salt concentration 

was increased from 0 to 35,000 ppm and then slightly when the salt concentration was further 

raised from 35,000 to 70,000 ppm. 
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The elegant work of Wu et al. [21] is of great aid in interpreting our experimental 

observation. The authors studied the solubility and diffusion behavior of various salts and water 

during pervaporative desalination through rubbery polyether-polyamide block copolymer 

films. Experimentally they found a marked competition between water and transported salts 

during combined membrane transport, i.e., by increasing salt concentrations, enhanced salt 

uptake was observed (as also noticed elsewhere [86–89]), whereas water solubility and film 

swelling declined considerably. Such work is the first of this kind, and we recognize the need 

for more fundamental studies on the theme.

Fig. 5. (a) Water flux vs. temperature data of pure water (in black) and at salt concentrations of 
35,000 (in blue) and 70,000 ppm (in red). (b) Arrhenius plot for the flux behavior under pure-
water, and at 35,000 and 70,000 ppm feed concentrations (   and  parameters are reported Ef

a J∞

in Table S1 and process related data are shown in Table S2). All data were obtained during 
pervaporation with the PDMS/PSf thin-film composite membrane discussed in this work.

The water flux behavior of the glassy polyamide-based reverse osmosis TFC membranes 

tested in this work is displayed in Fig. 6. The water flux of the Sepro-RO and Toray-UTC80LB 

could not reach the values displayed by the PDMS/PSf membrane (which is represented in Fig. 

6 for a feed concentration of 70,000 ppm) because of their lower diffusion coefficients — as 

can be observed in the permeance data of Fig. S3.
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The presence of salt was particularly detrimental for both TFC RO membranes studied. At 

70,000 ppm and 85 °C, Toray-UTC80LB and Sepro-RO4 (Fig. 6a and 6b, respectively) 

experienced the highest reduction of water flux from the pure-water values, i.e., respectively, 

from 30.6 to 6.9 and from 26.5 to 10.3 kg m-2 h-1. Interestingly, this water permeance reduction 

was lowered to a maximum of 47% when a thin PDMS layer was added to the Sepro-RO4 

membrane (i.e., Sepro-RO4-PDMS), as shown in Fig. 6c. In all cases, we observed that the 

presence of salt in the feed had a remarkable effect on the water flux, as previously discussed 

[14].

Fig. 6. Water flux vs. temperature data at salt concentrations of 35,000 (in blue) and 70,000 
ppm (in red) for: (a) Toray-UTC80LB, (b) Sepro-RO4, and (c) Sepro-RO4-PDMS. The data 
and process conditions are reported in Tables S3-S5.

3.4. Comparison with previously reported membranes

Table 2 lists membranes previously evaluated for the pervaporative desalination of 

seawater and brines and compares them with the data we obtained for the PDMS/PSf thin-film 

composite membrane. Notably, the PDMS TFC membrane performed among the best in terms 

of water flux. However, this comparison has to be taken with caution as the extent of the 

vacuum applied at the permeate side has a significant effect in determining membrane flux 

(see, for example, the investigation proposed by Wu et al. [22] on this topic). Hence, for a 

proper analysis, one should refer to the permeance data (reported and discussed along with Fig. 

S3). Another way proposed is the normalized flux data plotted in 
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Fig. 7. In this case, for all compared data, we back-calculated water flux imposing a 

permeate pressure equal to 1 matm (i.e., 0.001 atm = 0.76 torr). This corresponds to a flux 

normalization with regard to the driving force (the temperature still plays a role for each data 

entry). Note that the use of flux instead of permeance for the comparison is more relevant from 

a process perspective. In fact, pervaporative desalination would be conducted at high feed 

temperatures to provide high water flux. Hence, as shown in 

Fig. 7, we note that the hydrophobic PDMS/PSf membrane matched the performance of 

most hydrophilic membranes previously tested for water desalination. Hence, the hydrophobic 

PDMS/PSf membrane was very efficient in permeating water and producing freshwater even 

from very highly concentrated brines, resulting from its very high PDMS water diffusion 

coefficient — estimated as high as ~2x10-4 cm2/s [65].

Very recently, membranes of extraordinary water flux capability were reported. For 

instance, a spray-coated PVA-based active layer on electrospun nanofibers (PAN-made) 

resulted in a flux of ~235 kg m−2 h−1 (at 75 °C and 1.5 wt.% NaCl) [90]. In another work, a 

cellulose triacetate/cellulose nanocrystals mixed-matrix membrane permitted water fluxes 

~107 kg m−2 h−1 at 70 °C and 90,000 ppm NaCl feed concentration [91].

Fig. 7. Normalized water flux for a permeate pressure of 1 matm (0.76 Torr) vs. temperature 
for the PDMS/PSf membrane studied in this work and for PVA/PAN [30], SPVA/PAN [29], 
GO/PVDF [35], GO/PAN [34], and 2D MXene/PAN [43].  NaCl feed concentrations: (a) 0 
ppm, (b) 35,000 ppm, and (c) >50,000 ppm. 1 matm = 0.001 atm.
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It is important to note that PDMS membranes are commercially available and much cheaper 

than other membranes fabricated using custom-designed selective coating materials (GO, 

MXene, etc.). Hence, the potential applicability of PDMS TFC for pervaporative water 

desalination is clearly evident — and in particular, for the treatment of brines, which cannot be 

processed in conventional reverse osmosis systems.

Table 2
PDMS/PSf and previously reported literature data of water flux, permeate pressure, and 
normalized flux (for a permeate pressure of 1 matma). Salt concentration and temperature 
values are also given.

Membrane Salt Conc. Temp. Flux Perm. 
Press.

Flux(@1 

matm)

[ppm] [°C] [Kg m-2 h-1] [matm] [Kg m-2 h-1]
PVA/PAN [30] 0 25 9.0 1.0 9.0
S-PVA/PAN [29] 0 30 16.3 1.0 16.3
S-PVA/PAN [29] 0 70 49.4 1.0 49.4
GO/PVDF [35] 0 70 67.0 29.6 73.9
PDMS/PSf (this work) 0 30 27.0 13.5 39.0
PDMS/PSf (this work) 0 84 69.6 34.7 74.1

NaA/Zeolite Sup. [45] 35,000 69 1.9 1.3 1.9
CMS-Al2O3/α-Al2O3 
[56] 35,000 75 25.0 1.3 25.0

SPC (free-standing) [38] 32,000 21 3.3 0.0 3.2
PVA/PAN [30] 35,000 25 7.4 1.0 7.4
S-PVA/PAN [29] 35,000 30 14.1 1.0 14.1
S-PVA/PAN [29] 35,000 70 46.3 1.0 46.3
GO/PAN [34] 35,000 30 14.3 1.0 14.3
GO/PAN [34] 35,000 90 65.1 1.0 65.1
2D Mxene/PAN [43] 35,000 30 48.4 3.9 52.2
2D Mxene/PAN [43] 35,000 65 85.4 3.9 86. 5
PDMS/PSf (this work) 35,000 30 14.5 12.2 20.0
PDMS/PSf (this work) 35,000 84 38.6 51.1 42.5

PVA/PAN [30] 50,000 25 5.8 1.0 5.8
S-PVA/PAN [29] 50,000 30 11.9 1.0 11.9
S-PVA/PAN [29] 50,000 70 36.7 1.0 36.7
S-PVA/PAN [29] 100,000 30 7.7 1.0 7.7
S-PVA/PAN [29] 100,000 70 22.6 1.0 22.6
GO/PAN [34] 50,000 30 13.6 1.0 13. 6
GO/PVDF [35] 100,000 70 42.4 29.6 46.9
PDMS/PSf (this work) 70,000 30 15.1 22.8 33.6
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PDMS/PSf (this work) 70,000 85 36.0 42.2 39.0

a 1 matm = 0.001 atm

Conclusions

In this work, the performance of commercial MPD-TMC-based reverse osmosis and PDMS 

thin-film composite membranes for the pervaporative desalination of seawater and brines was 

evaluated. 

We found that:

 All tested commercial hydrophilic polyamide reverse osmosis membranes permitted pure 

water flux up to ~31 kg m-2 h-1 at 85 °C. In contrast, hydrophobic thin-film PDMS/PSf 

composite membrane demonstrated a significantly higher pure water flux of ~70 kg m-2 h-1. 

 The water flux of non-porous PDMS TFC membranes was very close to that of high-

performance porous membrane distillation (MD) membranes. Our and other previously 

reported results suggest that pervaporative desalination could allow comparable 

performances to membrane distillation in terms of freshwater productivity. 

 The presence of salt in the pervaporation feed depressed the water flux of all tested 

membranes (previous studies showed that salt-water sorption competition is responsible for 

this phenomenon).

  In comparison with the pristine reverse osmosis membranes tested for pervaporative 

desalination in this work, both the PDMS/PSf and the PDMS coated Sepro-RO4 reverse 

osmosis membranes were less affected by the presence of salt in the feed. 

Finally, by fixing the permeate pressure and temperature, we could compare previously 

reported membranes with our PDMS/PSf composite membrane. The normalized flux of the 

hydrophobic PDMS/PSf membrane performed comparably and, in most cases, outperformed 

membranes prepared from common hydrophilic polymers. 
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