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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 (CO2) 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 (cS) was increased through plasma treat-

ments and confirmed by the decrease of contact angle (h)

measurements and increase of adhesion work (Wa). 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.

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 CO2 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 h (contact angle) and estimation of cS (surface free

energy) and Wa (adhesion work). Cross-section and surface

morphologies were investigated by SEM. Finally, pure gas

permeation experiments (N2 and CO2) 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 CO2 (precursor gas) at room temperature.

Operating conditions of CO2 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 N2 for cross-sectional

imaging and further gold sputter-coated to prevent charg-

ing effects. Images were taken at 15 and 10 kV setting with

2709, 10 k9, and 16 k9 magnification.

The surface properties were followed measuring water/

membrane contact angle under atmospheric conditions.

A distilled water drop (10 lL) 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.

cos h ¼ �1þ 2

ffiffiffiffiffi

cS

cL

r

e�b cL�cSð Þ2 ð1Þ

where h (�) is the contact angle, cL (mJ m-2) is the liquid

tension, cS (mJ m-2) is the surface free energy, and b is

a parameter determined from experimental data, b =

0.0001247 (m2 mJ-1)2.

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 cm-1, under

4 cm-1 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 (CO2, N2) 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 cm2, and all reported fluxes are always expressed in

standard conditions (STP, 273 K, 1 atm.).

Q

A
¼ PDP ð2Þ

where Q [cm3 (STP)/s] is the gas permeation flux through the

membrane, A (cm2) is the effective membrane area, P [cm3

(STP)/cm2 s cmHg] is the effective permeability coefficient,

and DP (cmHg) is the differential across the membrane. The

total mass transfer resistance, Rt [cmHg s/cm3 (STP)], across

the membrane, was calculated from Eq. 3 [26]:

Rt ¼
1

PA
ð3Þ

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

aCO2=N2
¼ PCO2

PN2

ð4Þ

Results and discussion

Morphology

SEM of the cross-section of the PES base membrane shows

the asymmetric structure of the synthesized porous support

layer (Fig. 1a). Thickness is approximately 280 lm.

Toward the bottom face of the membrane a finger structure,

formed by interconnected macroporous of growing diam-

eter from 2.5 to 75 lm, 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 CO2 plasma). One can

observe a spongy structure region of approximately

3–5 lm 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 h 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 CO2 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 h 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

(CO2, 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� h 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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polymer is larger than that of the one observed with the

PAA conventional polymer (Table 1).

As the plasma CO2 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 CO2 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-1), C–H (2950 cm-1),

carbonyl –C=O (1710 cm-1), H–C–H (1459 cm-1), plane

bending C–O–H (1400–1200 cm-1), and bending out of

plane =C–H (800 cm-1) 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-1) and AA

dimer (1710 cm-1), revealing that AA monomer structure

was preserved under power and pressure reaction condi-

tions. The C=O peak is wide and not symmetrical, sug-

gesting too a contribution of ester groups (1735 cm-1).

Fig. 1 a Cross-section of PES support membrane (magnification: 2709), b cross-section of composite membrane AA plasma/PES (PESM40,

magnification: 10 k9), c surface of composite PESM40 membrane (magnification: 16 k9)

Table 1 Surface

physicochemical properties

of membranes

The bold values correspond to

the initial support membrane

and the final composite

membrane (coated by plasma

deposition)

Membrane Contact

angle (h) (�)

Superficial energy

(cS) (mJ/m2)

Adhesion work

(Wa) (mJ/m2)

PES (dense) 82 33.67 81.81

PES (porous) 64 45.64 107.73

PES ? CO2 plasma 33 62.78 133.83

PES 1 AA plasma 27 65.78 137.14

PES ? PAA 49 54.35 119.84
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The peak located at 1640 cm-1 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-1, 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-1 in the PESM40 spectrum

is remarkably important when compared with PAA bulk

polymer spectrum (Fig. 5). It should be noticed that

penetration depth is approximately 2.8 lm at this wave-

number, a large value when compared with 0.3 lm 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=O 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 CO2 treatment produced

surface functional groups that can be conceived as active
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Fig. 5 FT-IR/HATR spectra of PAA/PES composite membrane
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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

and plasma procedures, on gas permeability of pure gases

through modified membranes, were therefore investigated.

In Fig. 6 fluxes of both pure gaseous compounds (N2

and CO2) 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 N2 and CO2. Assuming a Knudsen transport mecha-

nism as dominant, the ratio of CO2 to N2 permeabilities

(aCO2=N2
) will be in close agreement with Graham’s diffu-

sion law prediction [33]. In fact, as is shown in Table 2,

aCO2=N2
for unmodified PES membranes is found 0.87 as

estimated by the square root of the inverse ratio of CO2/N2

molecular weights (Eq. 5).

aCO2=N2
¼

ffiffiffiffiffiffiffiffiffiffiffi

MN2

MCO2

s

¼
ffiffiffiffiffi

28

44

r

¼ 0:80 ð5Þ

The plasma treatment with non-polymerizable gas

(CO2) 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 a 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 N2 permeation (see Table 2). At the same time,

mass transport within the deposited AA polymer is no
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Fig. 6 Permeabilities of pure gaseous compounds (N2 and CO2) for

the PES support membranes and the AA plasma/PES composite

membranes (PESM20, 5 W, 8 Pa, 20 min)

Table 2 Permeability P [cm3 (STP)/cm2 s cmHg], ideal selectivity a(CO2/N2), and total gas permeation resistance Rt [cmHg s/cm3 (STP)]

for N2

Membrane PN2
PCO2

aðCO2=N2Þ Rt (N2)

PES (porous) 8.04E22 6.96E22 0.87 1.45

PES ? CO2 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 1 AA plasma (40 min) 1.26E24 1.63E24 1.29 928.24

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

J Mater Sci (2011) 46:1850–1856 1855

123



longer governed by pure diffusional phenomenon. Rather a

simultaneous sorption–diffusion mechanism becomes

dominant while the PES support membrane resistance turns

negligible.

As polar CO2 is more soluble than N2, 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=O) in the PAA conventional polymer, but with

different relationships [16]. The strong evidence of C=O

presence could be a suitable explanation for a greater

affinity of CO2 in comparison with N2.

Conclusions

Morphological and transport properties of PES-synthesized

membranes resulted in suitable support to produce com-

posite membranes. Plasma treatment, under CO2 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 N2 and CO2 gas permeabilities,

through resulting composite membranes (PESM40), no

longer obeyed Graham’s law. Total gas permeation resis-

tance (N2) was found 650 times smaller than corresponding

values observed with PES support membranes.

Acknowledgements The authors appreciate the support of ANPCyT,

SECyT, CAPES, and CIUNSA. Betina Villagra Di Carlo would like

to thank ANPCyT and CONICET for scholarship grant.

References

1. Lee KR, Teng MY, Lee HH, Lai JY (2000) J Memb Sci 164:13

2. Ma X, Su Y, Sun Q, Wang Y, Jiang Z (2007) J Memb Sci 300:71

3. Belfer S, Fainchtain R, Purinson Y, Kedem O (2000) J Memb Sci

172:113

4. Deng B, Li J, Hou Z, Yao S, Shi L, Liang G, Sheng K (2008)

Radiat Phys Chem 77:898

5. Idris A, Zain NM, Noordin MY (2007) Desalination 207:324

6. Kim H, Kim S (2001) J Memb Sci 190:21

7. Su CY, Lin CK, Lin CR, Lin CH (2006) Surf Coat Technol

200:3380

8. Upadhyay DJ, Bhat NV (2004) J Memb Sci 239:255

9. Tran DT, Mori S, Suzuki M (2008) Thin Solid Films 516:4384

10. Oehr C, Muller M, Elkin B, Hegemann D, Vohrer U (1999) Surf

Coat Technol 116–119:25

11. Dayss E, Leps G, Meinhardt J (1999) Surf Coat Technol

116–119:986

12. Kelly JM, Short RD, Alexander MR (2003) Polymer 44:3173

13. Yasuda H (1985) Plasma polymerization. Academic Press, New

York

14. Shi FF (1996) Review. Surf Coat Technol 82:1

15. Wavhal DS, Fisher ER (2002) J Memb Sci 209:255

16. Sciarratta V, Vohrer U, Hegemann D, Müller M, Oehr C (2003)

Surf Coat Technol 174–175:805

17. Tran ND, Dutta NK, Choudhury NR (2005) Thin Solid Films

491:123

18. Pereira CC, Nobrega R, Borges CP (2001) J Memb Sci 192:11

19. Wavhal DS, Fisher ER (2005) Desalination 172:189

20. Weibel DE, Vilani C, Habert AC, Achete CA (2007) J Memb Sci

293:124

21. Kwok DY, Neumann AW (2000) Colloids Surf A Physicochem

Eng Asp 161:31

22. Tabaliov NA, Svirachev DM (2007) Appl Surf Sci 253:4242

23. Klages CP, Grishin A (2008) Plasma Process Polym 5:359

24. Chapman CL, Bhattachary D, Eberhart RC, Timmons RB,

Chuong CJ (2008) J Memb Sci 318:137

25. Lopez JL, Matson SL, Marchese J, Quinn JA (1986) J Memb Sci

27:301

26. Matson SL, Lopez J, Quinn JA (1983) Chem Eng Sci 38:503

27. Khulbe KC, Feng CY, Matsuura T (2008) Synthetic polymeric

membranes: characterization by atomic force microscopy.

Springer-Verlag, Berlin Heidelberg

28. Gancarz I, Pozniak G, Bryjak M (1999) Eur Polym J 35:1419

29. Wavhal DS, Fisher ER (2002) J Polym Sci B Polym Phys

40:2473

30. Hegemann D, Brunner H, Oehr C (2003) Nucl Instrum Methods

Phys Res B 208:281

31. Tran T, Mori S, Suzuki M (2007) Thin Solid Films 515:4148

32. Solak EK, Asman G, Camurlu P, Sanli O (2008) Vacuum 82:579

33. Baker RW (2004) Membrane technology and applications. Wiley,

Chichester

60 80 100 120 140 160

0.005

0.010

0.015

0.020

0.025

0.030

F
lu

x 
(c

m
3 (S

T
P

)/
cm

2  s
) 

ΔP(cmHg)

 PESM40 ( N
2
)

 PESM40 ( CO
2
)

Fig. 7 Permeabilities of pure gaseous compounds (N2 and CO2) for

the AA plasma/PES composite membranes (PESM40)

1856 J Mater Sci (2011) 46:1850–1856

123


	Synthesis and characterization of composite membrane by deposition of acrylic acid plasma polymer onto pre-treated polyethersulfone support
	Abstract
	Introduction
	Experimental
	Materials
	Porous membrane synthesis
	Membranes plasma pre-treatment
	Plasma polymer deposition
	Characterization

	Results and discussion
	Morphology
	Hydrophilicity, surface free energy, and adhesion work
	Surface chemical composition
	Permeability

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


