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Abstract The plasma techniques were explored to
deposit a layer of hydrophilic polymer on asymmetric
porous membranes used as support material. Microporous
membranes were synthesized by the phase inversion tech-
nique from polyethersulfone (PES) and submitted to a
surface treatment with RF-plasma of non-polymerizable
gas. Carbon dioxide (CO,) was selected to generate this
plasma and to increase the surface energy. Further plasma
treatment proceeded with acrylic acid (AA) in vapor phase
as source for the permanent surface hydrophilic function-
alization. The infrared spectra with horizontal attenuated
total reflectance (HATR) show that the deposited plasma
polymer provides a high concentration of carbonyl and
hydroxyl groups. The hydrophilic polymer layer was
evenly deposited, with good adhesion to the support, as
was observed by electronic microscopy (SEM). The sur-
face free energy (ys) was increased through plasma treat-
ments and confirmed by the decrease of contact angle (6)
measurements and increase of adhesion work (W,). The
nitrogen permeability decreased 650 times; after that a
dense thin film was deposited by plasma treatment during
40 min (at 5 W and 8 Pa). Final composite membranes
show stability, high surface hydrophilicity, and a surface
chemical nature very stable with time.
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Introduction

The phase inversion technique has been widely used to
synthesize anisotropic porous membranes over which
plasma treatments have been applied [1], modified with
hydrophilic polymers [2] or grafting [3], aiming at the
fabrication of suitable membranes for microfiltration [4],
ultrafiltration [5], or as support material in the production
of composite membranes for reverse osmosis and pervap-
oration [6]. Plasma is a gas state of matter which includes a
variety of neutral and ionized species such as molecules,
atoms, electrons, ions, free radicals, and photons, which
can be used to modify and functionalize the materials
surface, as porous and dense polymer membranes for the
enhancing of their separation properties. Treatments with
radio frequency plasma at low pressure were successful in
generating functional groups [7], surface crosslinking [8],
pore size reduction [9], chemical grafting [10], thin organic
layer deposition [11] but also, under certain conditions,
severe ablation. To achieve required properties a number of
operational parameters must be selected to modify a spe-
cific polymer membrane, such as the nature of the gas or
the organic vapor plasma precursor (polymerizable or non-
polymerizable), input flow rate into the reactor to sustain
an adequate pressure, discharge power to control the
transferred energy to species, and exposure time of the
polymeric substrate [12]. Plasma generated with gaseous
organic monomers can polymerize and crosslink on the
exposed surface, forming a dense polymeric coating with
specific characteristics [13]. Plasmas modify surface
physical-chemical properties (hydrophilicity, ruggedness,
adherence, chemical composition, and morphology) keep-
ing however bulk properties unaltered [6]. Potential
applications have been reported with these treated mem-
branes by plasma techniques: separation processes [14],
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ultrafiltration fouling reduction [15], and biomedical
applications (particularly increasing biocompatibility) [16].
Main advantages of plasma technology are also pointed
out: speed, simplicity, versatility, a reduced quantity of
chemical compound requirements during plasma process-
ing, and a small waste production, consequently low
environmental impact [17].

The scope of this study was to synthesize a composite
membrane exploring plasma techniques. Polyethersulfone
(PES) was selected as the starting bulk polymer due to its
excellent properties: mechanical, structural, and perme-
ability. Bulk PES was dissolved in dimethylformamide to
prepare microporous membranes by phase inversion tech-
nique. To get a suitable asymmetric porous structure,
polyvinyl-pyrrolidone was added to the casting solution.
The obtained membranes were then treated with non-
polymerizable CO, plasma to clean and activate the
surface.

In a second stage, an acrylic acid (AA) layer produced
by controlled plasma polymerization in situ was deposited
over the previous activated surface. Surface chemical nat-
ure was studied using FTIR-HATR. Surface physico-
chemical properties were analyzed through measurements
of 0 (contact angle) and estimation of yg (surface free
energy) and W, (adhesion work). Cross-section and surface
morphologies were investigated by SEM. Finally, pure gas
permeation experiments (N, and CO,) were performed to
determine components’ permeability and ideal selectivity.

Experimental
Materials

Polyethersulfone (Ultrason E6020) and polyvinyl-pyrroli-
done (PVP, Mw ~ 40,000 g/mol) were supplied by Basf
and Sigma, respectively. AA (Analyticals-Carlo Erba), with
0.05% of hydroquinone metal ether as stabilizer, was chosen
as plasma monomer, and N,N-dimethyl formamide (DFM,
Merck) was added as solvent to prepare membrane casting
solutions. Distilled water was selected as external coagulant
for PES membranes. All products were of analytical grade
and used without further purification. Carbon dioxide,
99.9%, and nitrogen, 99.9% were provided by Praxair.

Porous membrane synthesis

The phase inversion by immersion in a non solvent tech-
nique was selected to prepare asymmetric membranes.
Polymers were dried in a stove at 60 °C for a minimum
period of 24 h. Casting solution composition was 15%
PES, 7.5% PVP, and 77.5% DMF in weight [18] and was
spread on a glass plate, allowing solvent evaporation for

60 s. A 50% vol water—-DMF solution was used to pre-
cipitate the porous polymeric structure. Membranes were
washed three times with distilled water and then kept
immersed in a water bath at 60 °C for 12 h to remove
remaining sorbed solvent. A final washing process in two
stages (ethanol followed by n-hexane) was carried out to
insure the conservation of membrane morphology in the
next step. The membranes were then dried at room tem-
perature and stored under controlled dry atmosphere.

Membranes plasma pre-treatment

Porous membranes were set in the center of plasma reactor
chamber (15 cm in diameter and 15 cm in depth, Harrick
inductive Plasma 8-12 MHz). Before plasma treatment,
membranes were kept under vacuum during 10 min to insure
complete solid drying. Then, the reactor chamber was
purged twice with CO, (precursor gas) at room temperature.
Operating conditions of CO, plasma pre-treatment were
106 Pa chamber pressure and 7.2 W discharging power of
the source. A mechanical vacuum pump was continuously
operated to achieve and maintain reactor pressure during the
plasma treatment. The low applied power reduces damage
on membrane surface due to energetic plasma species [19].
Exposure time was 5 min after a series of experiments
to achieve an appreciable modification on the surface
hydrophilicity.

Plasma polymer deposition

The previously treated polymeric supports were exposed to
plasma polymerization in a capacitive reactor. AA vapor
was fed at 8 Pa, during 20 and 40 min. RF discharge and
power were 13.56 MHz and 5 W, respectively [20].

Characterization

The polymeric membranes cross-section and surface mor-
phologies were investigated by Scanning Electronic
Microscopy (SEM, Jeol JSM-6480 LV). Membrane sam-
ples were frozen and broken in liquid N, for cross-sectional
imaging and further gold sputter-coated to prevent charg-
ing effects. Images were taken at 15 and 10 kV setting with
270x, 10 kx, and 16 kx magnification.

The surface properties were followed measuring water/
membrane contact angle under atmospheric conditions.
A distilled water drop (10 pL) was poured on the membrane
surface and contact angle was determined with a goniom-
eter (Ramé-Hart, with DROPimage). Equipment software
estimates surface free energy (mJ m~2) from measured
contact angle and surface tension of water by means of
an iterative procedure proposed by Neumann (Eq. 1)
[21]. Adhesion Work (mJ m—2) was calculated using a
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combination of the Young and Dupré equations [22]. Final
reported average contact angle for each membrane is the
average measurements on five different locations for each
membrane surface; the maximum dispersion was £0.5° in
the measured values.

cosl = —142, /7S e=Bl=15)’ (1)
L

where 6 (°) is the contact angle, y;. (mJ m~?) is the liquid
tension, ys (mJ m_z) is the surface free energy, and f§ is
a parameter determined from experimental data, f =
0.0001247 (m> mJ~ 12

Surface chemical nature was studied using Fourier
transform infrared spectroscopy (FTIR, Perkin-Elmer,
Spectrum GX) with horizontal attenuated total reflectance
(HATR). The ZnSe crystal at a nominal incident angle of 45°
yielded 12 internal reflections on each sample. All spectra
were scanned 12 times, between 4000 and 630 crn_l, under
4 cm™! resolution. Penetration depth of beam, with this
analysis, depends not only on wavelength but also on the
incidence angle [23].

Permeation properties were studied in a standard

equipment at room temperature [24]. Effective permeabil-
ity coefficients of pure gases (CO,, N,) were determined
under steady state conditions from the slope of the plot of
permeate flux (per unit area of membrane) as function of
the pressure drop across the membrane (Eq. 2) [25]. The
membrane area of the flow cell in all experiments was
8.55 cm?, and all reported fluxes are always expressed in
standard conditions (STP, 273 K, 1 atm.).
0
i PAP (2)
where Q [cm3 (STP)/s] is the gas permeation flux through the
membrane, A (cm?) is the effective membrane area, P [cm?
(STP)/cm? s cmHg] is the effective permeability coefficient,
and AP (cmHg) is the differential across the membrane. The
total mass transfer resistance, R, [cmHg s/cm? (STP)], across
the membrane, was calculated from Eq. 3 [26]:

1

R[:—
PA

(3)

The separation factor, o, is estimated from Eq. 4 [25]:

Pco
%Co, /N, = P 2 (4)

2

Results and discussion
Morphology

SEM of the cross-section of the PES base membrane shows
the asymmetric structure of the synthesized porous support
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layer (Fig. 1a). Thickness is approximately 280 pm.
Toward the bottom face of the membrane a finger structure,
formed by interconnected macroporous of growing diam-
eter from 2.5 to 75 um, can also be observed.

Figure 1b shows a SEM microphotograph of the com-
posite membrane (PESM40) cross-section. A very thin film
(~300 nm) of plasma polymer, after the two stage plasma
treatments, can be clearly noticed. A truly composite
membrane has been obtained with a non-porous skin
deposited onto the PES porous membrane (which surface
was previously activated by a CO, plasma). One can
observe a spongy structure region of approximately
3-5 um below the plasma layer, with polymeric nodular
aggregates and pores belonging to the support layer [27].

A closer look in Fig. 1c shows a compact morphological
structure of the skin which largely differs to traditional
coating with conventional bulk polymers. The resulting top
layer can be characterized by being non-porous, well
adhered, uniform, and stable in water and ethanol at room
temperature.

Hydrophilicity, surface free energy, and adhesion work

Contact angle measurement is widely used to establish the
hydrophilic nature of surfaces. The 0 value of 64° observed
with the PES support membranes is quite lower than the
82° value reported for dense PES (Table 1). This reduction
is usually explained in terms of combined effects of
porosity, roughness, and the hydrophilic additive remains
(PVP) trapped in the polymeric matrix.

Plasma CO, treatment (7.2 W, 160 Pa, 5 min) cleans
and activates the substrate membrane surface, removing
weakly bound surface material and creating active sites. It
leads to an important decrease of 0 value to 33°, while
increasing the surface free energy and adhesion work, as it
can be seen in Table 1. After 5 min of plasma treatment
(CO,, 7.2 W, 160 Pa), the contact angle changes are less
pronounced (Fig. 2). A plasma treatment for prolonged
time can cause significant damage to membrane surface
[28]. Possibly, under plasma treatment, surface chemical
nature of PES membrane is modified due to the formation
of active groups such as carboxylic acid, ketone/aldehyde,
and ester [29]. Those probably contribute to the initiation
of the polymerization with the hydrophilic monomer. Then
the plasma treatment with AA vapor (5 W, 8 Pa, 40 min)
produces a stable top layer with a 27° 0 value (Table 1).
Modified membranes after AA plasma exposure for 20 min
(5 W, 8 Pa) have the same contact angle value (27°),
probably there is plasma polymer on the surface, although
is not observed by SEM. It should be stressed that appli-
cation of a conventional poly(acrylic acid) (PAA) coating
in two stages on PES-synthesized membranes leads to
contact angle of 49°. The hydrophilicity of the plasma
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Fig. 1 a Cross-section of PES support membrane (magnification: 270x), b cross-section of composite membrane AA plasma/PES (PESM40,
magnification: 10 kx), ¢ surface of composite PESM40 membrane (magnification: 16 kx)

Table 1 Surface
physicochemical properties
of membranes

Membrane

Contact
angle (0) (°)

Adhesion work
(W,) (mJ/m?)

Superficial energy
(7s) (mJ/m?)

PES (dense)

PES (porous)

PES + CO, plasma
PES + AA plasma
PES + PAA

The bold values correspond to
the initial support membrane
and the final composite
membrane (coated by plasma
deposition)

82
64
33
27
49

33.67 81.81
45.64 107.73
62.78 133.83
65.78 137.14
54.35 119.84

polymer is larger than that of the one observed with the
PAA conventional polymer (Table 1).

As the plasma CO, treatment produces a remarkable
increase of surface hydrophilicity, nevertheless an aging
process occurs (Fig. 3) [28, 30]. These changes with time
can be due to chemical arrangement to minimize the sur-
face free energy. On the other hand, the deposition of a film
through AA plasma polymerization has important effects,
for the increase and the stabilization of the induced
hydrophilicity on the resulting membrane surface. Thus the
plasma coating is not subject to aging (Fig. 3) stored in
ambient conditions.

Surface chemical composition

FT-IR/HATR was used to identify functional groups of
the plasma polymer film deposited over PES-synthesized

membrane after being activated with CO, plasma. Depth of
penetration of FT-IR/HATR beam (dp) changes with
wavelength [23]. If dp is larger than the deposited top layer
thickness, then the chemical groups belonging to the PES
support membrane will also be detected [16]. Observation
of the composite PESM40 membrane spectrum is shown to
detect the presence of chemical groups. From Fig. 4,
stretching of O—H group (3495 cm™'), C-H (2950 cm™"),
carbonyl —-C=0 (1710 cm™ "), H-C-H (1459 cm™"), plane
bending C-O-H (1400-1200 cm™ "), and bending out of
plane =C-H (800 cm_l) can be observed [6, 10, 16, 31].
Also, it is inferred that the deposited film retains a high
grade of AA monomer functionalities (1760 cm™ ) and AA
dimer (1710 cm™"), revealing that AA monomer structure
was preserved under power and pressure reaction condi-
tions. The C=0 peak is wide and not symmetrical, sug-
gesting too a contribution of ester groups (1735 cm™").
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Fig. 2 Dependence of water contact angle as a function of the plasma
treatment time on the support membrane surface (PES, CO,, 7.2 W,
160 Pa)
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Fig. 3 Water contact angle as a function of the aging on the treated
substrate membrane surface (PESM, CO,, 7.2 W, 160 Pa, 5 min) and
on the composite membrane surface (PESM40, AA, 5 W, 8 Pa,
40 min)

The peak located at 1640 cm™' in the PES spectrum
(Fig. 4) can be assigned to the presence of C=C-N group of
the hydrophilic additive (PVP) remained trapped in the
polymeric matrix of PES support membranes [32].

When the PES membrane and modified surface mem-
brane spectra are compared (Fig. 4) it can be seen that,
within the range 1600-600 cm_l, species of unmodified
PES membrane are still noticed on deposited AA plasma
membrane. Under these conditions, beam penetration depth
is always larger than the film thickness, revealing therefore
the chemical structure located below the deposited skin.

The peak located at 800 cm™' in the PESM40 spectrum
is remarkably important when compared with PAA bulk
polymer spectrum (Fig. 5). It should be noticed that
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Fig. 4 FT-IR/HATR spectra of (a) AA plasma/PES composite
membranes (PESM40) and (b) PES support membranes
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Fig. 5 FT-IR/HATR spectra of PAA/PES composite membrane
(PES + coated PAA conventional polymer)

penetration depth is approximately 2.8 pm at this wave-
number, a large value when compared with 0.3 pum of the
AA plasma skin thickness. Therefore, the absorbance sig-
nal at this position refers 10% to the AA plasma polymer
and 90% to the PES substrate. From the literature [16] this
peak can be assigned to the presence of =C—H group.
Possibly, the formed polymer structure on the functional-
ized porous surface is the result of an incomplete
polymerization.

The absorbance ratio of C=0 with regard to both C-H
and O-H groups are larger in the plasma polymer (Fig. 4)
than that in the conventional PAA (Fig. 5). This is proba-
bly the reason of the larger hydrophilicity in the plasma
polymer as was demonstrated from the values of contact
angle reported in Table 1.

When a polymeric membrane is exposed to action of
plasma a number of chemical reactions could take place.
Under these conditions competitive mechanisms involving
ablation and deposition are established. Depending upon
the applied power, pressure, reaction time exposure,
chemical vapor, and support membrane composition, a
given mechanism could become dominant.

On the other hand, the plasma CO, treatment produced
surface functional groups that can be conceived as active
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sites for reactions. When AA monomer is sorbed on any of
these sites a polymerization reaction could start. Possibly,
the sorbed activated monomer species acts as a catalyst
by reducing the activation energy for this initial step of
reaction.

Assuming several steps for the formation of the plasma
polymer, functionalization and ablation of the exposed
surface (of PES) will be the most important processes in
the first stages. Then the polymerization reaction will start
while substrate and deposited plasma polymer will be
etched and grafted simultaneously. The layer of plasma
polymer in formation incorporates molecules of monomer,
dimer, oligomer, and fragments. On the final stages, the
deposited plasma film on the activated PES membrane
surface will be affected by a combination of the appointed
reactions above.

Permeability
The gas permeability of PES membranes can be modified

with plasma treatments with both non-polymerizable gas
and polymerizable vapors. The effects of treatment times

14
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Fig. 6 Permeabilities of pure gaseous compounds (N, and CO,) for
the PES support membranes and the AA plasma/PES composite
membranes (PESM20, 5 W, 8 Pa, 20 min)

and plasma procedures, on gas permeability of pure gases
through modified membranes, were therefore investigated.

In Fig. 6 fluxes of both pure gaseous compounds (N,
and CO,) are shown as function of the driving force. True
linear relationships allow an estimation of permeabilities.

The pure gas permeability through the originally
microporous PES membranes shows high flux values for
both N, and CO,. Assuming a Knudsen transport mecha-
nism as dominant, the ratio of CO, to N, permeabilities
(%co,/N,) Will be in close agreement with Graham’s diffu-
sion law prediction [33]. In fact, as is shown in Table 2,
%co,/N,for unmodified PES membranes is found 0.87 as
estimated by the square root of the inverse ratio of CO,/N,
molecular weights (Eq. 5).

My, 28
=, — /=2 =080 5
KON T\ Mo, Va4 (5)

The plasma treatment with non-polymerizable gas
(CO,) of the support membrane slightly increased the
permeabilities (see Table 2). Probably due to surface
etching, while transport mechanism is apparently main-
tained [31].

It is interesting to point out that the permeation behavior
of the composite membrane PESM20 (AA, 5 W, 8 Pa,
20 min) is similar to the porous support. Although per-
meabilities of both gases decrease 51%, ideal selectivity
does not change (see Table 2).

Possibly with 20 min of AA plasma treatment a com-
plete coating of plasma polymer was not yet formed.
Nevertheless, surface pore diameter may have already been
reduced, which explains the noticeable flux decrease,
although controlled by a Knudsen transport. As coating
occurs, a probable surface etching is competing.

As is shown in Fig. 7, same gas permeabilities through
modified PES membranes are strongly affected by two
stages of plasma treatment. AA deposition produces, as is
expected, permeability decrease and o increase.

The plasma polymer deposition on the PES-activated
surface increases total mass transfer resistance up to 650
times for the case of the maximum exposure time of
40 min and N, permeation (see Table 2). At the same time,
mass transport within the deposited AA polymer is no

Table 2 Permeability P [em® (STP)/cm? s cmHg], ideal selectivity a(CO,/N,), and total gas permeation resistance R, [cmHg s/em® (STP)]

for N,

Membrane Pn, Pco, 0L(CO,/Ny) Ry (N2)
PES (porous) 8.04E—2 6.96E—2 0.87 1.45
PES + CO, plasma 8.21E-2 7.44E-2 0.91 1.42
PES + AA plasma (20 min) 4.23E-2 3.76E-2 0.89 2.76
PES + AA plasma (40 min) 1.26E—4 1.63E—4 1.29 928.24

The bold values correspond to the initial support membrane and the final composite membrane (coated by plasma deposition)
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Fig. 7 Permeabilities of pure gaseous compounds (N, and CO,) for
the AA plasma/PES composite membranes (PESM40)

longer governed by pure diffusional phenomenon. Rather a
simultaneous sorption—diffusion mechanism becomes
dominant while the PES support membrane resistance turns
negligible.

As polar CO, is more soluble than N,, ideal selectivity is
now reversed. A stable plasma film on the PESM surface
was only observed in the case of PESM40 (Fig. 1b).
Moreover the resulting chemical structure of this skin is
similar regarding the presence of functional groups (O-H
and C=0) in the PAA conventional polymer, but with
different relationships [16]. The strong evidence of C=0
presence could be a suitable explanation for a greater
affinity of CO, in comparison with N,.

Conclusions

Morphological and transport properties of PES-synthesized
membranes resulted in suitable support to produce com-
posite membranes. Plasma treatment, under CO, atmo-
sphere, revealed to be an effective technique to modify
hydrophobic surface properties of PES porous membranes.
Successful deposition of films with thickness of approxi-
mately 300 nm from AA vapor plasma (5 W, 8 Pa,
40 min) can be obtained and well characterized. The
structure of the organic monomer (AA) was preserved
under the used plasma polymerization conditions and
increased the content of hydrophilic groups comparing
with the PAA conventional polymer. Contact angle con-
firms the high hydrophilic character of plasma skin and its
stability with time. Pure N, and CO, gas permeabilities,
through resulting composite membranes (PESM40), no

@ Springer

longer obeyed Graham’s law. Total gas permeation resis-
tance (N,) was found 650 times smaller than corresponding
values observed with PES support membranes.
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