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A B S T R A C T

New functionalized poly(dimethylsiloxane) (PDMS) membranes were prepared by the surface modification of
the commercially available PERVAP4060 membrane (Sulzer™) through cold plasma activation followed by the
layer-by-layer assembly method. Four different pairs of polyelectrolytes, i.e., poly(allylamine hydrochloride)
(PAH)/poly(acrylic acid) (PAA), PAH/poly(sodium 4-styrene sulfonate) (PSS), poly(diallyldimethylammonium
chloride) (PDDA)/PAA, and PDDA/PSS, were used to coat the PDMS layer by the controlled deposition of succes-
sive nanolayers (20–50 nm).PERVAP4060 was systematically modified by the deposition of 10 bilayers of poly-
electrolyte pairs. These membranes were characterized by contact angle measurements, scanning electron mi-
croscopy (SEM), ellipsometry, and atomic force microscopy (AFM). The nanofiltration membrane performance
for the rejection of four diluted solutes—two soluble catalysts 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (R-BI-
NAP) and tetraoctylammonium bromide (ToABr) and two linear aliphatic molecules n-Tetratetracontane (C44H90
or C44) and n-Hexadecane (C16H34 or C16)—was studied in the toluene feed solution at up to 40 bar pressure. It
was shown that the organic solvent nanofiltration (OSN) mass transfer properties differ clearly depended on the
layer-by-layer chemical structure and the characteristics of the solutes. Thus, the intrinsic permeance of toluene
in the PEL multilayers were calculated by applying resistance-in-series model. Despite the highly diluted concen-
trations of the solutes, i.e., <1 wt% for R-BINAP and ToABr, and the high solvent permeate flux, the ToABr, R-BI-
NAP, and C44 solutes were markedly rejected by all the membranes. ToABr had the highest rejection coefficient,
up to 97%. As a trend, higher the polarity of the bilayer assembly, lower was the mass transfer of the solvent
compared to that of the pristine membrane. The results indicated that a solution–diffusion mechanism is likely to
apply. The best rejection of R-BINAP (up to 88%) was obtained when the membrane was coated with 10 bilayers
of PAH/PSS. Thus, these prepared polyelectrolyte (PEL)-modified membranes have potential applications in ho-
mogeneous catalysis industry, for example in olefin metathesis for expanding the lifetime of soluble catalysts by
separating them at mild OSN condition while ensuring the permeation of products.

1. Introduction

Organic solvent nanofiltration (OSN) is a promising membrane tech-
nology for the purification of liquid mixtures. In this process, a pressure
gradient is applied to the liquid feed to enable the solute/solvent sep-
aration by selective permeation through a membrane. The biggest mol-
ecule is expected to be rejected from the permeate flux. The most suc-
cessful application of this process was carried out by Exxon Mobil in
the 2000s, when they recycled the solvent used for the purification of
lube oils. The main challenge nowadays is the development of mem-
branes that would demonstrate both high permeance and high rejec

tion performance in organic media for application in diverse indus-
tries such as fine chemistry, soluble catalyst recycling, oil and solvent
purification, and solvent exchange [1]. In that sense, approximately
two decades ago, Mulder et al. [2] classified nanofiltration membranes
based on the pressure required to achieve the target separation, i.e.,
between 5 and 20 bar. Currently, the major challenge is to maintain
the time operating stability of the membrane performance at up to
40 bar under different feed conditions as well as other harsh conditions.
Therefore, polymeric membranes with high resistance towards solvents,
i.e., enhanced stability toward organic solvents and compaction, were
developed [2–5]. The most well-known membranes are polyimides,
poly(ether-ether-ketone), poly(dimethylsiloxane) (PDMS), and poly
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benzimidazoles [5,6]. The number of membranes is limited owing to
the required chemical, mechanical, and thermal membrane stabilities,
which are crucial for the targeted application. However, the biggest
challenge up to now is that OSN membrane performance is not pre-
dictable from one organic solvent to another.

It has been shown that a good alternative to avoid new material syn-
thesis and development is to alter the membrane surface to tailor the in-
teractions between the membrane and the solvent and/or solute [7–9].
The past decades have, therefore, witnessed the growth of surface func-
tionalization processes such as plasma treatment [10], UV light treat-
ment [11], and covalent and supramolecular grafting of macromole-
cules [7,12,13]. The layer-by-layer assembly (LBL) of polyelectrolytes
(PELs) is one of the most promising processes owing to its versatility and
the fact that it can be conducted under environment-friendly conditions,
both for aqueous and organic nanofiltration. Moreover, the LBL method
is inexpensive and enables the building of thin films with a nanometer
scale control [12,14,15].

Further, recent works have shown that the layer-by-layer assembly
of polyelectrolytes can create stable nanofiltration membranes that are
well-resistant to organic solvents with very high flux and selectivity
[7–9,16,17]. The LBL process, developed by Decher [14,18], consists
of the alternating deposition of polyelectrolytes with opposite charges
in water media. The complex presents unique properties owing to the
strong internal Coulomb interactions and the possibility of tuning the
final deposited film just by modifying the chemical nature of the poly-
electrolyte or more simply the pH, the ionic strength, or layer number.
Moreover, the final complex is insoluble in a wide range of organic sol-
vents.

To the best of our knowledge, PDMS has been rarely used as sup-
port for PEL deposition and has never been used in OSN as a compos-
ite-PEL membrane. As PDMS is highly hydrophobic and PEL highly hy-
drophilic, it is rather counterintuitive to associate them in a composite
film. Nevertheless, the PDMS surface is slightly negative and favors the
initial adsorption of poly(diallyldimethylammonium chloride) (PDDA).
Benavidez [19] reported the preparation and use of PDDA/poly(sodium
4-styrene sulfonate) (PSS)-modified PDMS films for application in cap-
illary electrophoresis. Kumlangdudsana also reported the use of PDDA/
PSS on a PDMS substrate to improve organic resistance in microfluidic
applications [20].

To ensure the stability of the LBLs on PDMS and resistance to the
mechanical shear stress under the cross-flow OSN operating conditions,
a plasma-activating procedure has been used. Indeed it has been shown
in previous work [7] that very stable polyelectrolyte layers could be ob-
tained even on PDMS by combining cold plasma activation followed by
the layer-by-layer assembly of PDDA and PSS. In this work, we trans-
posed this plasma-activated process to the layer-by-layer assembly of
three other pairs of polyelectrolytes, i.e., poly(allylamine hydrochlo-
ride) (PAH)/poly(acrylic acid) (PAA), PAH/PSS, and PDDA/PAA, on a
PDMS-based commercial membrane, PERVAP4060 (Sulzer™).

The objective of this work was to study the rejection by OSN of
four solutes—two soluble catalysts, R-BINAP and ToABr, and two linear
aliphatic molecules, C44 and C16, diluted in toluene—and to compare
the outcome with the rejection results of pristine PERVAP4060 [21]. It
was envisioned that the deposition of bilayers at the nanometer scale
on PERVAP4060 could help to improve the rejection of solutes, first, by
decreasing the swelling of the PDMS layer and, second, by increasing
and tuning the charge density of the top layer in contact with the feed,
whereas the total flux would remain rather high in relation to the very
small thickness of the polyelectrolyte layer.

2. Materials and methods

2.1. Chemicals

R-BINAP (white powder; purity >94%), ToABr (white powder; pu-
rity 98%), n-hexadecane (purity >99%), and tetratetracontane (C44,
purity 99%) were purchased from Sigma-Aldrich and used as received.
Toluene (purity 99.8%) was also obtained from Sigma-Aldrich.

Commercial PERVAP4060 is a composite membrane having a dense
top layer made of PDMS (thickness: 1–2 µm) obtained from DeltaMem
AG (www.deltamem.ch). The modified membranes were obtained from
the deposition of multilayered films from a couple each of strong and
weak polyelectrolytes purchased from Sigma-Aldrich, namely, PDDA
(molecular weight Mw = 100,000–200,000 g⋅mol−1) and PAH
(Mw = 150,000 g⋅mol−1) as cationic polyelectrolytes and PSS
(Mw = 70 000 g⋅mol−1) and PAA (Mw = 1,250,000 g⋅mol−1) as an-
ionic polyelectrolytes. They were used as received. Deionized water
(MilliQ® water, 18 MΏ) was used for all the experiments, polyelec-
trolyte solutions, and cleaning steps.

2.2. Plasma treatment

A microwave post-discharge reactor consisting of a cylindrical glass
chamber (3 cm in diameter), pumped through a primary pump was
used; the plasma was generated by a 2.45 GHz microwave generator.
The PDMS was placed into the plasma glass tube at 30 cm from the gas
inlet at a residual vacuum of 10−2 mbar. The plasma atmosphere con-
sists of an argon and oxygen gas mixture with a flow rate of 400 stan-
dard cubic centimeters per minute (sccm) and 40 sccm, respectively. It
is critical to carefully control the exposure time to avoid any surface ab-
lation. Under these conditions, a short period of plasma exposure, 30 s,
was sufficient. Then the system was vented up to atmospheric pressure
and the sample was immediately removed from the reactor and used for
the LBL deposition steps. The details of the plasma surface modification
have been reported previously by Bassil et al. [7].

2.3. LBL membrane modification technique

A concentration of 10−2 mol.L−1 was used for all the polyelectrolyte
aqueous solutions (PDDA, PAH, PAA, and PSS). The pH of the PAA and
PAH solutions and the rinsing bath were adjusted at 6.5 to ensure max-
imum ionization of these weak polyelectrolytes as shown by Choi et al.
[22].

The layer-by-layer deposition was conducted in static mode by using
the ND-3D, which is a three-axis controlled system developed by Nadat-
ech Innovations. Bilayers were created only on the top surface of the
PDMS. First, the PDMS membrane positioned by clamps was immersed
in the polycation solutions for 10 min, followed by three rinsing steps
(15 dips of 1 s each, 3 dips of 5 s each, and 1 dip of 15 s). Finally,
the membrane was immersed in the polyanion solutions for 10 min,
followed by the same rinsing steps. Thereby, one bilayer or one cycle
of self-assembly membrane was deposited. Additional bilayers were de-
posited similarly until the target number of bilayers was achieved.

2.4. Membrane characterizations

2.4.1. Scanning electron microscopy for original PDMS, plasma-treated
PDMS, and polyelectrolyte-modified PDMS

The surfaces of the plasma-modified PDMS and the polyelec-
trolyte-modified PDMS, prepared by LBL self-assembly, were investi-
gated by scanning electron microscopy (SEM; JEOL 6490LV) at a high
vacuum mode (pressure = 10−4 Pa).
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2.4.2. Atomic force microscopy
The morphologies of the PDMS and the polyelectrolyte-modified

PDMS were characterized by atomic force microscopy (AFM) in inter-
mittent-contact mode (tapping mode) on an Asylum Research MFP-3D
Infinity™ equipped with a 100-µm close-loop scanner. AFM probes
(from Asylum Research) were used in this characterization. The can-
tilevers had a resonance frequency of approximately 270 kHz and spring
constant value of approximately 26 N⋅m−1. Images were acquired in the
air at ambient temperature with a drive amplitude of 15 mV and an at-
tenuation set-point of 0.7–0.8. At least five different zones were scanned
on each sample and images at different magnifications were acquired
(we have only shown the 1 × 1 µm2 images). The images were treated
and analyzed using procedures developed under Igor Pro (Wavemetrics)
by Asylum software.

2.5. Ellipsometry

Silicon wafers, boron-doped, type-p, Si (1 0 0), were used for thick-
ness measurements by ellipsometry. First, the wafers were cleaned by
Piranha solution (30% hydrogen peroxide and sulfuric acid in 1/1 v/v)
for 20 min and followed by three MilliQ® rinsing steps. Ex situ variable
angle spectroscopic ellipsometry measurements were carried out using
a phase-modulated spectroscopic ellipsometer (UVISEL, Horiba Jobin
Yvon). Multiple sample analysis [23] was performed using the commer-
cially available DeltaPsi 2 software. Typical (Is, Ic) measurements were
done for incidence angles between 60° and 70° in steps of 5°, and the
wavelength range of the spectrum was 260–860 nm in steps of 5 nm.

2.6. Water contact angle measurements

The water contact angles (WCAs) were measured by using a Digidrop
contact angle meter. The setup consists of a white light source, a sam-
ple holder (a flat surface), and a camera in the same horizontal plane.
The syringe-type milliQ drop dispenser was mounted perpendicular to
the flat surface. The setup allows one to see a 10 × magnification of the
dispensed droplet of water and, finally, the WinDrop software was used
for data acquisition with an accuracy of ± 0.7°.

Both the pristine and polyelectrolyte-modified PDMS samples were
dried with a hand drier prior to placing them on the horizontal flat sur-
face of the contact angle meter. Approximately, 1–2 µL of milliQ water
was dispensed on the surface and the contact angle was measured within
5–7 s. At least five data points were taken from the different positions of
the same sample and a minimum of five different samples were tested
for reproducibility.

The optimization of plasma exposure time and hydrophilicity
changes of PDMS before and after modification were recorded.

2.7. Cross-flow nanofiltration experiments

The OSN setup consists of a rectangular cross-flow cell (GE Osmon-
ics) that is used in the tangential cross-flow mode, in which the pres-
sure, feed flow rate, and temperature of feed can be well-controlled.
This setup has already been reported in the previous papers of Ben
Soltane et al. [24,25]. The applied pressure was regulated by using
an IP 65 solenoid valve connected with the digital pressure transmit-
ter system and controlled by the Flow DDE Bronchorst software [21].
The system allows a precise pressure control over the 1–40 bar range
with fluctuation of 0.5–1% to the set value. The temperature was con-
trolled by a Thermo Haake K50 with a precision of ± 1 °C and the cross-

flow was set to 7–10 kg/h, measured by a Cori flow (digital mass flow)
meter.

Prior to the OSN experiments, the membrane coupons were im-
mersed overnight in the solvent at room temperature as a pre-condition-
ing step. The membrane coupons used measured 8 cm × 12 cm (includ-
ing the area of the O-ring), corresponding to the effective useful mem-
brane area of 2.8 × 10−3 m2. The coupon was mounted wet into the
OSN cell for pressure conditioning. Then the feed flow was maintained
at 10 kg/h at 30 °C. Next, a transmembrane pressure (TMP) of 10 bar
was applied with a step increase of 2–3 bar using the flow DDE software
interface. At each step, the set point with respect to the actual value
in the OSN was monitored for the stability of TMP in the upstream. As
soon as the pressure of 10 bar was achieved, the unit was monitored for
10–15 min, ensuring stable pressure, cross-flow, and temperature. The
same procedure was repeated at 20 bar, 30 bar, and 40 bar. The over-
all pressure-conditioning cycle was applied systematically to all the used
coupons. After conditioning at 40 bar, the TMP was gradually decreased
to atmospheric pressure. The aim of this step was to check possible hys-
teresis effects owing to the increase in pressure. Organic solvent nanofil-
tration experiments were then performed in a cross-flow rig and in a
continuous mode. The permeate was continuously recycled to ensure
the steady-state concentration of the feed, i.e., initially 0.05 wt% of the
solute.

2.7.1. Permeate measurements
At least 3–5 g of permeate were collected and weighed for each data

point and the corresponding time was recorded. At each applied pres-
sure, at least three permeate samples were collected at intervals of a
minimum of 20 min. The sample size, number of repetitions, and inter-
val between each sample collection confirm the accuracy of the mea-
surement and stability of the system. Most experiments were repeated
more than two or three times using new membrane coupons from differ-
ent batches.

The flux (J) and rejection (R) were calculated according to the for-
mulas given below:

(1)
where J is the flux (Lm−2h−1), V is the volume of the collected permeate
(L), A is the active surface area (m2), and t is the time (h);

(2)

where Cp is the concentration of the solute in permeate and Cf is the con-
centration of the feed.

2.7.2. Gas chromatography as analytical method for concentration
determination

The quantitative analysis of the solutes was carried out using gas
chromatography. The operational conditions of the analysis method
were as follows:

– Column: HP-5 phenyl methyl siloxane (15 m × 320 µm × 0.25 µm).
Flame Ionization Detector (FID): 380 °C, Helium (He): 1 bar.

– Oven program temperature of 325 °C for R-BINAP using tetratetracon-
tane (C40H82) as an external standard. The calibration and one typical
chromatogram are illustrated in [21].

– Oven program temperature of 200 °C for ToABr and n-hexadecane us-
ing n-tetracosane (C24H50) as an external standard.

As the solutes had low concentrations (0.1–0.05 wt%), the calibra-
tion curve and measurements were carried out using suitable external
standards and the constant volume addition method. Each sample test
was triplicated and the different experimental results were compared for
the determination of solute rejection.
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3. Results and discussion

3.1. Choice and characteristics of PELs

Hundreds of PELs are commercially available. Up to now, there has
been no guideline to choose the PEL according to the type of separation
being studied. In this work, only four PELs have been used, two cationic
and two anionic, to give rise to the LBLs of various charge density. In-
deed, in organic media, charge density acts as a physical cross-linker and
it has been expected that the average charge concentration could influ-
ence the mass transfer by tuning the local network mobility and hence
the diffusion coefficient of the permeant. The data collected to charac-
terize the PELs are presented in Table 1. Using either the Fedor group
contribution method or the HsPiP software, it has not been possible to
obtain coherent values of the Hansen solubility parameters for the PEL
because the ionic part of the PEL could not be considered. Instead, the
average charge density of the structure was calculated for each PEL. It
was found that the charge density varied within a wide range, from 1 to
3, referring to the molar weight of the PEL repeating unit. PSS has the
lowest charge density whereas PAA and PAH are endowed with higher
values, up to three times for PAH compared to PSS. Giving rise to phys-
ical cross-linking via ionic interactions, these charge densities might ex-
plain partly the high glass transition temperatures reported in the litera-
ture for the PELs (Table 1) [26–31].

3.2. PDMS surface modification

As previously shown by Bassil et al. [7], to ensure good stability and
homogeneity of the polyelectrolyte depositions, the PDMS surface was
activated by cold plasma post-discharge of Ar/O2 to generate negative
charges at the polymer surface to make it able to anchor the first layer
of the cationic polyelectrolyte. Subsequently, the four different couples
of polyelectrolytes were assembled layer by layer, up to 10 bilayers, to
guarantee good coverage, using an automatic coater to ensure good re-
producibility:

– PDDA/PSS—one LBL built with strong polyelectrolytes;
– PAH/PSS and PDDA/PAA—two LBLs associating the strong and weak

polyelectrolytes; during the procedure, the pH was adjusted to a value
of 6.5 to ensure strong dissociation of PAH and PAA; and

– PAH/PAA—one LBL associating two weak PELs. The pH of the coating
solution was also adjusted to 6.5 for PAA to enhance the ionization of
both PELs.

These composite LBL-modified PDMS membranes were characterized
by several techniques to determine the properties of the LBL surface. The
results are reported in Table 2.

After plasma exposure, the PDMS membrane exhibits a very low
water contact angle (WCA), 19° (±2), compared to that of the pris-
tine membrane, 100°, in relation with the negative charge created on
the PDMS surface. It was shown that when the plasma-treated mem-
brane is maintained under room temperature, the WCA slowly increases

Table 1
Main characteristics of PDMS and the PEL employed.

Polymer Monomer unit MW unit (g. mol −1) Mn b (g) pKa c Tg
d (°C)

PDMS (Me2OSi)n 74 NA NA −123
PDDA (C8H16N)n 125.5 ≈200 000 7 67
PAH C3H8N 57.5 150 000 9.5 >190
PSS [C8H7SO3 −]n 183 70 000 1 180
PAA (C3H3O2)n 71 1 250 000 4.25 80–128
PELstructure

Charge density a PDDA, cationic strong PAH, cationic weak PSS, anionic strong PAA, anionic weak
by weight (×10 3) 8.01 17.49 5.55 14.17
Reduced value 1.45 3.18 1 2.57

a Calculated according to the formula, Charge density = 1/Mwmonomer.
b Number average molecular weight (Mn).
c Acid dissociation constant (Ka) of a solution.
d Glass transition temperature (Tg).

Table 2
Main characteristics of the composite LBL formed on PERVAP4060 modified with 10 bilayers. The root-mean-square value as calculated from AFM images (10 × 10 μm 2).

Surface modification Pristine PDMS Plasma activation PDDA/PSS PDDA/PAA PAH/PSS PAH/PAA

α (°) (±2) a 103 19 77 55 79 47
rms (nm) b 1.6 1.6 3.4 25.2 3.9 NA
Tg (°C) c −123 90 NA 167 45
Thickness (nm ± 0.5) d 1500 25 51 25 62

a Water contact angle.
b Rugosity measured by AFM.
c [26,29,32–34].
d Measured by ellipsometry, except PDMS layer [25].
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(see Supplementary Fig. SM1). To avoid the drawbacks of the PDMS
hydrophobicity recovery [7], the PEL depositions were conducted soon
after the plasma activation, within 45 min. The WCAs measured after
the LBL deposition are shown in Table 2. In all cases, the WCA was
markedly increased while, however, remaining lower than the virgin
WCA of the pristine membrane, as expected. It should be noted that the
contact angles of the PEL-modified PERVAP4060 were stable with re-
spect to time. Repeated measurements after OSN experiments also con-
firmed the stability. The LBLs prepared gave rise to two types of contact
angles, i.e., α ≈ 78° or α < 56°. It may be noted that the two higher
WCAs characterize the LBLs whose last layer is PSS, whereas the two
lower ones characterize the LBLs having PAA as a final deposited layer.
This difference is well in agreement with the charge density that char-
acterized each PEL—the highest one (PAA) corresponds to the lowest
WCA.

The LBLs built with PAA also have another peculiarity—they are
thicker (50/60 nm) than the two others LBLs (approximately 25 nm).
As a rule, any phenomenon that has the potential to slow down the
chain relaxation process and limit chain spreading when adsorbing the
PEL can favor the formation of thicker layers [35]. The high molecu-
lar weight of PAA (Mw = 1,250,000 Da) used in this work might gener

ate entanglements and, thus, be the reason for the higher thickness of
the LBL containing PAA.

The homogeneity of surface was studied by combining SEM for the
large-scale investigation (see Supplementary Fig. SM2) and AFM (in
the tapping mode) for the nanometric scale.

As shown in Fig. 1 with some AFM examples, the modified sur-
faces are quite different from the pristine PDMS surface; tuning the
chemical structure of the PDMS layer also translates into a different
root-mean-square (rms) roughness, which increases by up to 3.3 nm
for the PDDA/PSS, to reach 25.2 nm for the PDDA/PAA (Table 1).
The PDDA/PAA assembly led to thicker and rougher surfaces com-
pared to the PDDA/PSS, which is consistent with the highly coiled
chains conforming to the behavior of well-known weak polyelectrolytes
[12,36,37].

The local charge density of each bilayer unit has also been calculated
as in the case of the PEL unit, using the molar mass PEL pairs forming
the LBL. As expected from the PEL properties, the four deposited LBLs
cover a large range of charge density, going from 1 to 2.4 times in the
increasing order PDA/PSS < PAH/PSS < PDDA/PAA < PAH/PAA (see
Table 3).

Fig. 1. Topographic (top) and phase (bottom) AC-mode images of PERVAP4060 and related modified LbL multilayer (10 cycles).

Table 3
Calculated parameters of the LBLs to address interactions with the solute.

LBL structural unit

Charge density a PDDA/PSS PDDA/PAA PAH/PSS PAH/PAA
By weight (×10 3)
Reduced value

3.24
1

5.09
1.6

4.15
1.3

7.7
2.4

Toluene flux (kg/(h/m 2))
Predicted flux (20 bar, 30 °C)

42
42

7
23

35
33

16
17

a Charge density calculated as 1/Mwmonomer.
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4. Investigation of the OSN properties of the modified
PERVAP4060

4.1. Effect of plasma treatment on OSN flux

In the first step, the potential effect of the plasma treatment on the
OSN mass transfer was investigated only with toluene as the feed. The
results shown in Fig. 2 indicate that the plasma procedure used does not
modify the permeability of the active layer. It means that no significant
cross-linking of the network occurred, neither was there any ablation.
Indeed, these two drawbacks can be observed when inadequate plasma
parameters are used.

4.2. Investigation of the number of LBLs on OSN flux

In the second step, the influence of the number of deposited LBLs
on the toluene flux was investigated. Indeed, the PELs used to deposit
the LBLs are all characterized in the dry state by a high glassy transition
temperature up to 190 °C for PAA (Table 1). The reported Tg data of the
corresponding LBLs are also characterized by glassy structures (Table
2) [32,33]. Hence, it was expected that the modified LBL membranes
would have much lower permeances than the pristine PERVAP4060,
whose selective layer, PDMS, is known to have a rubbery structure char-
acterized by a very low Tg (−123 °C).

As shown in Fig. 3, the flux with 5 LBLs of PDDA/PSS was almost
unchanged, whereas the flux with 10 LBLs was decreased by approxi-
mately 20%. Therefore, in the further LBL deposition, this number, of
10 bilayers, was maintained as a standard to ensure full PDMS surface
coverage.

4.3. Study of effect of LBL composition (10 bilayers) on toluene OSN flux

Prior to the study of the binary and ternary feed mixtures, the
toluene mass transport was characterized for the four membranes up to
20 bar. The data presented in Fig. 4 show a linear increase of the flux
with the transmembrane pressure (TMP) for each LBL type, leading to
very different values of toluene fluxes, which vary in the proportion 1 to
7. On the other hand, no hysteresis effect could be detected with respect
to time. This indicates that the modified membranes were well stable
with respect to the pressure and the shear stress induced by the tangen-
tial feed flow, tested up to 20 L/h.

To explain the flux variation, the LBL composition was considered
first. However, no simple relationship could be drawn between the oc

Fig. 2. Evaluation of plasma treatment on toluene OSN flux (30 °C).

Fig. 3. Effect of number of bilayers (PDDA/PSS) in toluene OSN fluxes (30 °C).

Fig. 4. Effect of PEL modification of PERVAP4060 on toluene flux (30 °C) recorded in tan-
gential mode (20 L/h).

currence of each PEL and the measured fluxes. Indeed, PDDA is, for in-
stance, a part of the modified membrane having the higher flux (PDDA/
PSS) and a part also of the modified membrane having the lowest flux.

Therefore, another way to evaluate the intrinsic permeability of each
LBL has been researched. For a dense network, it is well-known that two
major factors determine the permeability: the affinity properties with
the penetrant, the toluene molecules in this study, and the diffusion co-
efficient of the penetrant, which is controlled by the stiffness of the net-
work. Usually, the affinities can be evaluated using the Hansen solubil-
ity parameters (HSP). Unfortunately, with ionic species, HSP cannot be
calculated with the Fedor contribution group method (Table 3).

The charge density (CD) of the LBLs was considered in turn and cal-
culated, as done previously, to be equal to 1/(ƩMw). Indeed, the charge
density accounts for the cross-linking degree of the LBL structure and,
thus, for the chain mobility that can tune the diffusion coefficient of a
penetrant. First, it was found that the higher solvent fluxes correspond
to the LBLs having smaller charge density, i.e., PDDA/PSS and PAH/
PSS. Second, it was observed that the fluxes of these two LBL mem-
branes could be predicted by dividing the flux obtained for CD = 1 (re
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duced value) by the charge density of each LBL (Table 3). Only the flux
of the PDDA/PAA was not predicted.

4.4. Study of solutes rejection by OSN in toluene solutions

Several series of OSN experiments were carried out with binary feed
solutions to mimic the industrial context where catalysts are always used
under very high dilution. The chemicals used are reported in Table 4.
Besides the experiments with R-BINAP and ToABr, the rejection of the
two linear alkanes, C44 (n-tetratetracontane) and C16 (n-hexadecane)
have also been studied to evaluate the effect of the molecular size and
chemical nature of the solute. In all experiments, high dilutions of the
solutes were used in the range 0.05–0.1 wt% in toluene. Gas chromatog-
raphy was used to determine solute concentrations in the feed and in the
permeate solutions with the help of calibration curves using external ref-
erences (see the Materials and Methods section). R-BINAP, ToABr, and
C44 are bulky molecules having the same range of molecular weight,
i.e., 546–622 g/mole, but ToABr is a charged molecule, a quaternary
alkyl ammonium bromide. C44, a linear alkane, and ToABr have higher
molar volumes (Vm) because of their linear alkyl structure. Indeed R-BI-
NAP, which has a polyaromatic structure, is a more rigid and more com-
pact molecule, i.e., approximately 30% more.

Referring to the Hansen solubility parameters (HSP), the relative
affinities for the pristine PDMS membrane are in the increasing or-
der: ToABr < R-BINAP ≪ C44 < C16. The same order also occurs with
toluene. Referring to the LBL-modified PDMS membranes, HSP cannot
be used to predict affinities, as already explained in the previous para-
graph. However, ToABr being a charged molecule, strong interactions
with the non-polar siloxane network and with the cationic PEL embed-
ded in the LBL structure can be expected.

At this step, before examining the OSN rejection results in detail, it
is worth recalling that for a composite membrane, the fluxes and rejec-
tion values are the result of the two distinct, dense, and consecutive lay-
ers, and each of them has their own intrinsic properties. According to
the model of the resistance-in-series [38], for a given component i, the
effective mass transfer Qi through the composite membrane is given by
Eq. (3):

(3)
where Pei is the permeance (Pei = Pi/l), Δai is the activity gradient, and
A is the membrane area.

Next, the intrinsic permeance in PEM has been calculated (Table 5)
applying Eq. (3), using toluene fluxes from Fig. 4 and the thickness
from Table 2.

The calculated permeance of toluene through PEM shows a high bar-
rier effect for toluene, especially for PELs having no aromatic ring in
their skeleton (See PEL structures in Tables 1 and 3).

In Table 5, one can note that the PEMs having PSS show lower bar-
rier effect than the rest. In the literature, it is reported that 30 nm PSS
film can swell up to ≈27% in toluene vapor [40]. It is interesting to note
that PSS also is endowed of the lowest charge density among four PELs
(Table 1). This result is well in agreement with the work of Miller et
al (2005) who reported that the polyelectrolytes having lower change
density exhibits higher swelling [41], suggesting PSS is able to swell the
most in toluene among the four used PELs, listed in Table 1. Next, when
multilayers are formed, PEMs with PSS give lower charge densities than
PEMs with PAA (Table 5), thereby, PEMs with PSS are expected to swell
to a higher extent in toluene, giving rise to relative high toluene perme-
ance when compared with PEMs formed with PAA.

Hence the equivalent mass transfer resistance Rm of the composite
membrane can be written as:

(4)
or

(5)
where K is the total mass transfer coefficient of a given component, km1
and km2 are the mass transfer coefficients, respectively, through the top
layer #1, here the PEL pairs, and through the support layer #2, here the
PDMS. The porous support polyacrylonitrile (PAN) layer was not consid-
ered here as a resistant layer.

Evidently, the application of this model is valid only under some
strict assumptions, postulating steady permeability, no coupling effects
between the permeants, and a linear relationship between the per-
meability and membrane thickness. If these assumptions are likely to

Table 4
Chemicals used to prepare feed solutions and their specifications.

Chemicals Chemical structure
Mw (gmol −1)
Vm (cm 3mol −1) δ HSP (MPa 1/2)

Toluene Ph-CH3 Mw = 92
Vm = 106

18.2

(R)-BINAP Mw = 622
Vm = 511

21.5

C44 Mw = 619
Vm = 754

16.2

ToABr Mw = 546
Vm = 761

21.9

C16 Mw = 226
Vm = 294

15.9

7
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Table 5
Intrinsic permeance in PEMs using resistance-in-series model.

PELs, 10
bilayers

Toluene permeance in PEM
(Lm −2h −1bar −1)

Reduction
factor a

Charge
density

PDMS 2.1 – –
PDDA/PSS 0.45 5 1
PAH/PSS 0.14 15 1.3
PAH/PAA 0.03 70 2.4
PDDA/PAA 0.01 210 1.6

a Ratio of permeance in PDMS and PEM.

hold in gas permeation, some deviations from this mechanism can occur
at high swelling.

However, Eqs. (4) and (5) shows that the effect of the top layer on
the effective mass transfer will strongly depend on the relative values of
km1 and km2: the lower mass transfer coefficient will govern the effective
permeance and, thus, the rejection of the composite membrane when a
mixture of two components is considered.

Overall, this means that six parameters will control the effective per-
meance and rejection values:

– the permeability of the solvent and of the solute,
– the activity gradient of each permeant, and
– the real thickness for each layer.

In addition to the OSN case, if the mass transfer coefficient of the top
layer km1 is the lowest, as expected with the rigid PEL pairs in toluene,
the mass transfer coefficient of the PDMS layer is likely to be reduced
owing to the lower swelling degrees of the PDMS network. Clearly, un-
der OSN conditions, the effective permeance of the composite mem-
brane cannot be predicted in a simpler way (see Table 6).

The general trend observed for the rejection of solutes is demon-
strated by the pristine PDMS membrane. The solute ToABr, i.e., the
charged molecule, has the highest rejection (93%) and the solute C16,
being also the smallest molecule, has the lowest rejection (7%). This
trend is valid for all the membranes. These results are in agreement both
with the HSP and with the size of the molecules (Table 4).

Next, when the rejections of R-BINAP and C44 are considered, the
values are much closer to each other. For the pristine PDMS, the

Table 6
Results of OSN experiments with binary mixtures using LBL-modified membranes (10 bar,
30 °C, diluted toluene feeds).

Membrane
sample

Global
flux(Lm −2h −1 ± 10%)

Rejections of solutes (%
±2)R-BINAP a C44 a

ToABr a C16 b
Charge
density c

PDMS
pristine 24 80 70 93 7 NA

PDMS
(PDDA/PSS):
10 LBLs

22.9 82 88 92 6.5 1

PDMS (PAH/
PSS): 10 LBLs

14 88.5 93 97 7 1.3

PDMS (PAH/
PAA): 10
LBLs

7.6 66.3 80 84 10 2.4

PDMS
(PDDA/PAA):
10 LBLs

3.8 80.5 82 92 10 1.6

a Solute concentration: 0.05 wt%.
b Solute concentration: 0.1 wt%.
c Reduced charge density.

C44 alkane molecule is less rejected, in agreement with the lower HSP
(δ = 16.2) close to the PDMS value (δ = 15.4) [39]. However, with all
the LBL-modified membranes, the rejection values of these two solutes
are reversed. This clearly seems to be an effect induced by the charged
LBL layer, which repels the non-polar C44 alkane molecule. This effect
is also observed to some extent with the C16 molecule, with the two LBL
membranes having the higher charge density, i.e., PDDA/PAA and PAH/
PAA.

With respect to R-BINAP rejection, the LBL with 10 layers of (PAH/
PSS) exhibits a marked improved rejection, up to 88.5%. The same re-
sult is also obtained for the rejection of ToABr and C44. It is, of course,
difficult to explain these three results in detail because they are owing
to several parameters that are able to affect both the solubility and the
diffusion of the solutes, such as the charge density, the LBL’s Tg, and the
activity and mobility of the solutes. Nevertheless, as a marked rejection
improvement is obtained for the three types of solutes (polyaromatic,
charged, and alkane molecules), the reason more likely seems to be a
relative decrease of the diffusion of the solute versus toluene diffusion.

Another interesting result is linked to the use of the LBL formed by
the PEL pair PAH/PAA, the pair that has the highest charge density
(Table 4). Indeed, despite a strong global flux reduction, converse to
the results obtained with the previous LBL (PAH/PSS), the rejection val-
ues of the two polar solutes, R-BINAP and ToABr, are smaller compared
to the rejection values obtained with the reference pristine PDMS mem-
brane. Therefore, it seems that this LBL structure is less repulsive for po-
lar solutes than for the others. The reason for this effect is not yet clearly
understood but might be linked to the presence of PAA.

4.5. Evaluation of potential aging of (PAH-PSS): 10 LbLs modified PDMS

After conditioning the LBL-modified membranes as usual for 30 min,
the long-term stability of the multilayered PAH/PSS film was stud-
ied for several days. First, the OSN conditions were applied for sev-
eral hours at 20 bar and 30 °C under the tangential feed flow mode.
The rejection and the fluxes were measured every hour. The related
results are shown in Fig. 5, which depicts the relationship of the
flux (J) and rejection (R%) with time. Clearly, no deviation was ob-
served and the R-BINAP rejection value remained steady at approxi-
mately 88%. Thereafter, the pressure was released for two days and
reapplied the third day, along with tangential feed flow. Under these op-
erating conditions, the measured flux and rejection values were found
to be the same as they were three days before, i.e., 38 L⋅m−2⋅h−1

(TMP = 20 bar) and 88.6%, respectively. This series of experi

Fig. 5. Performance stability with the PAH/PSS-modified PERVAP4060: Rejection of R-BI-
NAP in toluene at 20 bar and 30 °C over three days in tangential mode.
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ments confirmed the stability of the LBL-modified membrane under OSN
conditions and tangential feed flow, and the absence of any fast aging
owing to some delamination of the top layer of the LBL.

4.6. Study of OSN performance with a model ternary mixture

Finally, a ternary feed mixture was studied to mimic an industrial
case with a simple multicomponent system composed of dilute catalytic
ligand (0.05 wt%), the linear saturated hydrocarbon C16 (feed range:
1–10 wt%), and toluene.

The results are shown in Fig. 6. It can be seen that the rejection
of C16, close to 9%, is much lower than that for R-BINAP and similar
to the rejection value previously observed at the feed concentration of
0.1 wt%. This big difference can be easily explained by the higher dif-
fusion coefficient of C16 linked to its smaller size, both in the PEL and
PDMS layers.

With the increase in the C16 concentration from 1 wt% to 10 wt%, a
small decrease in the R-BINAP rejection value was also observed. How-
ever, a much significant effect on C16 rejection can be underlined as
well as on the global NF flux, which increased by approximately 40%.
Clearly, this flux increase was greater than the simple flux contribution
of the linear hydrocarbon. This indicates that the permeability coeffi-
cients are likely to increase in the presence of C16.

Finally, from a process point of view, these OSN results are quite in-
teresting because this membrane technique would allow easy separation
of the linear C16 molecule from R-BINAP in a toluene feed mixture. This
is a promising result for application in metathesis synthesis.

5. Conclusion

The layer-by-layer method allowed an easy modification of the com-
mercial PERVAP4060 membrane. Using a cold plasma pretreatment,
four new composite membranes, well-stable in OSN, were obtained with
top dense nanolayers allowing the solvent mass transfer and solutes’ re-
jection values to be tuned. Based on the investigations carried out with
these membranes using neutral or charged solutes, the following points
can be underlined:

– In the range 10–40 bar, well-reproducible results were obtained from
toluene feeds, i.e., either binary or ternary mixtures of diluted solutes;

– Except for the smallest molecule, i.e., the alkane C16, high rejection
values of the solutes (>80%) were obtained together with high sol-
vent fluxes (7–21 kg/(h.m2)) at 10 bar and 30 °C;

Fig. 6. OSN performance of (PAH-PSS): 10 LbLs modified PERVAP4060 for the separa-
tion of a model ternary mixture consisting of C16 (1–10 wt%) and R-BINAP (0.05 wt%) in
toluene (10 bar, 30 °C).

– The four polyelectrolytes used led to the formation of LBLs endowed
with various charge densities, which seemed to govern solvent perme-
ation and solute rejection;

– Using 10 bilayers of PEL to functionalize the top surface facilitated
distinct OSN performance from the pristine PDMS membrane;

– Higher solvent mass transfer was obtained with the composite mem-
branes having smaller charge density, i.e., PDDA/PSS and PAH/PSS;

– Interestingly, R-BINAP, ToABr, and C44 were highly rejected even at
very low feed concentration (0.05 wt%); clearly, these results indicate
that the transport of the solute must be almost independent of the sol-
vent transport;

– The permeance of toluene due to the PEM layers was calculated apply-
ing the resistance in series model. It was shown that the PEM can re-
duce strongly the mass transfer especially for PEL having high charge
density;

– Irrespective of the membrane used, the charged solute ToABr was al-
ways the more rejected solute;

– The PAH/PSS pair improved the rejection value of R-BINAP compared
to the pristine PDMS membrane, up to 88%;

– The total mass transfer and rejection values can be explained in terms
of a resistance-in-series model;

– Experiments recorded with a ternary mixture indicate a significant ef-
fect of the C16 concentration, which tends to increase the global flux
and decrease the C16 rejection. This result seems to be very promising
in the context of the potential application of OSN to olefin metathesis;

– Finally, no aging effect could be detected over several days: both the
flux and the rejection values appeared to be steady.

To conclude, the charge density of the LBLs and, hence, the LBL
rigidity in organic media, seems to be a key parameter that controls the
molecular diffusion and, thus, the permeation through the top nanolay-
ers.
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