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Abstract

A poly(vinyl chloride) (PVC) membrane was exposed to atmospheric-pressure dielec-
tric barrier discharge and subsequently wet-chemically grafted with poly(acrylic acid)
(PAA) and then consumed with poly(ethyleneimine) (PEI). The thus modified membrane
was characterized by measurement of the static water contact angle, by scanning electron
microscopy, infrared spectroscopy (ATR-FTIR), thermogravimetry (TGA) and electro-
Iytic responses. The TGA favors a thermally stable grafted PVC membrane. The ATR-
FTIR revealed the existence of an ultra-thin PAA layer grafted onto the surface of the
plasma-modified PVC membrane. The ion exchange capacity measurement of the grafted
poly(vinyl chloride) (PVC-PAA) sample was close to that of additionally wet-chemically
aminated with PEI for 12 h or more (PVC-PAA-PEI). It means that PVC-PAA mem-
branes do not need necessarily further modifications. As concomitant helpful effect, it was
observed that the swelling degree of the PVC membrane was reduced after plasma expo-
sure due to plasma-induced crosslinking.
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Introduction

Polymer electrolyte membrane (PEM) based fuel cells are widespread because of their haz-
ard-free electricity generation potential. Proton and alkaline fuel cells use PEMs as proton
and hydroxyl ions conducting membranes, respectively [1, 2]. The sulfonated tetrafluoro-
ethylene-based fluoropolymer is the most widely used PEM (ordinarily referred as Nafion).
These membranes are accounted to have safely high conductivity corresponding to high
concentrations of the proton exchanging groups. However, their inherent impediments,
such as prohibitive cost, permeability and low activity as electro-catalysts, have greatly
restricted their wide utilization in fuel cells [3, 4]. Honorable efforts were made to achieve
and develop the techniques for preparing new or modified PEMs [5, 6]. Recently, plasma
was considered to give great promises and it represents an advanced technique in the PEMs
technology [7-9].

Plasma treatment was found to be an efficient and unique technique for grafting the sur-
face of membranes with polymers. Such modifications occurred on the topmost surface
almost unaffecting the bulk properties of the membrane. Such grafting is usually accom-
plished by treatment of the target membranes with plasma in argon or nitrogen or oxygen/
air to generate reactive anchoring points for a following graft polymerization process [10].
As discussed by Bebin et al. [11], the hydration of the blended Laponite/Nafion membranes
was improved using the plasma treatment for grafting of Laponite with p-styrene sulfonic
acid. The thus modified Nafion/grafted Laponite membranes exhibited 20% amendment of
power to fuel cells in comparison to the commercial Nafion. Additionally, Navarro et al.
[10] have been reported that plasma modified polyethylene could improve the accessibility
of membranes for applications in fuel cells.

Plasma processes performed under low-pressure conditions are well established since
many decades and utilized in industry [12]. In spite of their wide advantages, low-pressure
plasma stays contestable because of expensive devices, tools, conditions and small scale or
limiting to batch processes. Thus, the equivalent plasma techniques at atmospheric pres-
sure is the Dielectric Barrier Discharge (DBD), which is simple in processing and costs in
comparison to the low-pressure process [13, 14].

The chemical effects of plasma exposure of polymer surfaces can be characterized by
introduction of atoms and groups from the plasma gas into the polymer surface as well as
branching, crosslinking, etching (increasing the surface area) as further effects. The intro-
duction of functional groups is associated with increasing of hydrophilicity and generation
of anchoring points for grafting. It is superposed by auto-oxidative post-plasma reaction of
plasma-generated radicals with molecular oxygen from ambient air followed by formation
of peroxide and hydroperoxide groups and their decay to various O-functional groups [15,
16]. The scope of these effects depends on the wide variation range of parameters such as
power, treatment time, discharge current and used gas type. Among the different plasma
processes plasma polymerization is an interesting method because the type of precursor
and the variation of deposition conditions let tune some of its physicochemical properties
[17, 18].

Plasma coating with poly(acrylic acid) (PAA) or poly(methyl methacrylate)
(PMMA) [19] were commonly utilized in painting industry because of their good
adhesion to metallic substrates [20]. Acrylic acid (AA) is a simple and very reactive
monomer for deposition or grafting of thin organic films using the plasma [21, 22].
Moreover, AA can be applied for modification of the surface of biomaterials by its
grafting using reactions with plasma-produced reactive sites and AA in solution [23].
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It means that exposure of PVC to plasma generates radicals or double bonds by elimi-
nation of H, Cl or HCI followed by amination or sulfonation. Alternatively, pin-hole
free thin films of PAA were obtained by plasma polymerization, however, without
defined covalent bonding to the PVC.

The O, and also the air gas plasma have a strong oxidizing action. Oxygen plasma
is used for removing all organic contaminants from the surface. Then, O-containing
groups were incorporated into the topmost surface layer of polymers before etching
begins [24, 25].

Such plasma-introduced reactive sites could initiate grafting from. Plasma intro-
duced functional groups can also be used as anchoring points for covalent bonding of
monomers with reactive groups by reaction of functional groups. Here, plasma was
used to generate radicals which can start the before mentioned graft polymerization
with reactive vinyl, acrylic or diene monomers [26]. Three principal routes are pos-
sible: (a) direct consumption of substrate radicals with the reactive monomer and thus
starting a graft copolymerization from, (b) it is more easy to consume the C radicals
with oxygen from air, thus forming peroxy groups, followed by formation of hydrop-
eroxides and finally decomposition of hydroperoxides into radical species which can
also start a “graft-copolymerization from”, Thus, covalent C—O-C or C—O-O-C bonds
hold the growing graft chain, (c) ordinary chemical reactions take place between the
plasma-introduced functional groups at the surface of the substrate and functional
groups of the graft molecule by “grafting to” via nucleophilic substitution.

Perni et al. [27] discussed the role of cold atmospheric He-O, plasma treatment
on polyethylene (PE) while D’Sa et al. [28] reported the influence of the DBD plasma
treatment of polymers in air atmosphere on cell response and adhesion of proteins.
Additionally, Shao et al. [29] also studied the improvement of surfaces and adhesion
properties of polyimide by exposure to the air DBD with filamentary and homogene-
ous plasma. O-containing groups are important in biomedical and fuel cells applica-
tions. The diverse O-functional groups can assist and improve also the adhesion and
therefore they are used for biomolecule immobilization [30].

The general effect of all plasma treatments is the change of hydrophobic polymer
surfaces to hydrophilic ones. This effect would be considered as most essential for
technical use of electrolytic membranes made of poly(vinyl chloride) (PVC). There-
fore, this work focuses on the grafting of acrylic acid onto plasma-activated poly(vinyl
chloride) membrane surfaces. The introduced COOH groups promise the generation of
an exceptional strong hydrophilic surface.

Additionally, the sensitivity of carboxylic groups to pH changes in solutions, in
which they are immersed, plays a significant role for example in drug delivery applica-
tion. One of the major challenges in drug applications is ensuring that the candidate
is delivered to the right place which depending on the pH values. Therefore, it can be
used in drug delivery systems to release the active ingredient in the desired amount at
the correct place in intestine which is characterized by a specific pH [31].

Moreover, the thermal stability of the modified membranes was evaluated com-
pared to the blank one by thermogravimetric analysis. The effect of additional amina-
tion of the PAA-grafted PVC membrane with polyethyleneimine and ethylenediamine
was examined in detail. The stability of grafted films in water was investigated, too.
Finally, ion exchange capacity measurements were utilized to characterize the ability
of suspended material to undergo transport of ions.
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Experimental
Materials

Acrylic acid (AA) 99%, poly(vinyl chloride) (PVC) with My, ~48,000 g/mol as fine pow-
der, tetrahydrofuran (THF, 99.5%) and poly(ethyleneimine) with 99% purity were pur-
chased from Sigma-Aldrich chemicals company, Germany, Belami Fine Chemicals co.,
Mumbai, India, Fisher chemicals co. and Across for chemicals company, respectively. Fig-
ure 1 presents the chemical structures of used substances.

Preparation of the Membrane

PVC membranes were produced by casting of PVC solutions of THF (3 wt%) between
glass plates utilizing a spreader knife. The solvent was evaporated completely after 24 h at
60 °C. The measured thickness of the membranes was in the range from 0.04 to 0.08 mm.
The thickness of the ultra-thin layers of grafted PAA deposited onto PVC was ~2.5 nm.
To calculate the thickness of the ultra-thin film, the density of 1 g cm™ was assumed for
the deposition onto a quartz-microbalance. The calculated thicknesses may have an error
(+10%); howeyver, this error value was the same in all the cases and therefore, the relative
changes can be discussed.

Plasma Processing

The DBD equipment ignites the electrical discharge between two metal electrodes. The
powered electrode was isolated by a dielectric as presented in Fig. 2.

The discharge cell includes two circular stainless-steel electrodes of 15 cm in diameter,
separated by a Pyrex glass sheet through an O ring leaving a gap space of about 1 mm. The
grounded metal electrode was fixed on a Perspex sheet through fixing nails which were
connected to the ground through a 100 Q resistance. The powered electrode was connected
to a high voltage setup transformer which generates a sinusoidal voltage (50 Hz, 0-12 kV,
30 mA) to drive the discharge. The working gas was injected to the discharge zone through
holes in the grounded electrode. A limiting resistor connected between the power supply
and powered electrode R; was used for controlling the discharge current, stabilizing the
discharge and preventing the formation of a spark discharge.

The polymer foils were inserted into the discharge gap between two electrodes and
treated for 10 min. The current and the voltage waveforms were detected with 100 MHz
with a two-channel digital storage oscilloscope (Type HM1508); one of them was
jointed to a high voltage potential divider (1:1000) to record the voltage. The other
channel was attached to a 100 Q resistance connected between the ground and the

(c) (d)
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Fig. 1 Representation of chemical structures a PVC, b THF, ¢ acrylic acid, d polyethyleneimine
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Fig.2 Schematic diagram of the planar DBD

grounded electrode to detect the current of the discharge. The consumed power was
investigated by substituting the 100 Q resistance with a 10 nF capacitor to calculate the
charge accumulated in the discharge cell. The discharge power was measured using the
Q-V Lissajous figure following the method of Manley [32, 33].

After finishing the plasma treatment process in oxygen environment, the PVC mem-
brane was directly dipped into 10 mL of liquid acrylic acid monomer (AA) for 1 h
(grafting process), then washed with water. Subsequently, the primary grafting pro-
cess was followed by a second grafting process, the chemical consumption of carbox-
ylic groups with amines (amination) by immersing the grafted sample in 10 mL of 10%
poly(ethyleneimine) for 18 h, then laundered with deionized water again and dried for
1 h at 60 °C in a vacuum oven.

Instrumental Characterizations
Contact Angle Measurements

A contact angle goniometer VCA 2500 XE equipped with a CCD camera and analysis
software (AST Products, Billerica, MA) were utilized to measure each 5 times the static
contact angle of a water droplet deposited onto the prepared membrane as an indicator
for its hydrophilicity [34]. The dissolution of Low-Molecular Weight Oxidized Mate-
rial, produced by the plasma exposure, into the water drop was not considered.

Characterization by FTIR
The chemical structure and the interaction with the (grafted) polymer on the membranes
were characterized via Fourier transform infrared spectrometer (FTIR) (Shimadzu

FTIR-8400s, Japan) using the attenuated total reflectance (ATR) mode with a diamond
crystal. The spectra were scanned in the range of wavenumbers from 400 to 4000 cm™".
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SEM Topography

The morphological features and the microstructure of the PVC membranes were documented
by scanning electron microscopy (SEM) using a JEOL JSM-6360LA microscope, Japan.
Sample scanning operated at an acceleration voltage of 20 kV. The membranes were pasted
onto stainless steel stubs with double tape, and then a layer of gold was sputtered with a thick-
ness of 10-20 nm using the sputtering device from JEOL Ltd., Tokyo, Japan. Magnifications
varied from 500 to 20,000 [35].

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was utilized to discuss the thermal stability of the resultant pol-
ymer composite membrane through measuring weight loss with increasing the temperature
gradually at a constant heating rate. Therefore, thermogravimetric analysis was performed by
a Shimadzu TGA-50 in the range from ambient temperature to 800 °C with a 10 °C/min heat-
ing rate [36].

Mechanical Properties of the Membrane

The tensile strength of the membranes was investigated using the Universal Testing Machine
(Shimadzu UTM, Japan). Measurements were performed at room temperature. The specimens
were 30 10 mm and measurements carried out at constant speed of cross heads of 5 mm/min
[37]. At least three measurements were done for each sample and the mean values were taken
for discussion.

lon Exchange Capacity (IEC)

IEC is generally determined by using a volumetric probe based on the measurement of func-
tional groups existing in the polymer membrane. A membrane sample in the H* counter ion
form was drenched in 20 mL of 2 molar NaCl solution at room temperature for 12 h and then
the concentration of HCI freed from the membrane was titrated with a standard solution of
0.1 N NaOH in presence of phenolphthalein as indicator. IEC in mills equal to the functional
groups per gram of dry sample was recorded as shown in Eq. (1) [38]:

IEC = Titrate value (mL) - Normality of NaCl/Wtof dry polymer membrane (g)
)]
Uptake of Liquids

The water, methanol and ethanol uptake of the treated and grafted PVC was measured in com-
parison to the untreated membranes. For analyzing the swelling efficiency of PVC-g-PAA
graft membranes, the samples were cut into square form with length=2 cm and dried in vac-
uum oven for 12 h and then weighted (W,,). The dried samples were immersed in deionized
water, methanol and ethanol at room temperature, then the sample were weighted (W) for
each solvent at specific interval times. The water uptake of the testers was given as [1]:

uptake (%) = [(Wye— Wary) / Wary] X 100
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Results and Discussion
Description of Electrical Properties
Current-Voltage Waveform

The current—voltage oscillogram of the coaxial DBD system, recorded at atmospheric pres-
sure and room temperature, is presented in Fig. 3. The measured current is composed of
three components, displacement current, filamentary current and glow current. The dis-
placement current is the current passing through the cell when the applied voltage is una-
ble to ignite the plasma. The filamentary and glow current are two common modes of dis-
charge current in DBD when the applied voltage exceeds the breakdown voltage.

To understand the electrical properties of the DBD a simple electrical equivalent circuit
represent the DBD operation is shown in Fig. 4. In the non-ignited case (key in position 1)
the equivalent circuit is purely capacitive and consists of two capacitances, one is resem-
bling the dielectric barrier capacitance C4 and the other is the gas gap capacitance C,. The
sum of the voltages across the gas gap V, and the barrier V; equals to the applied voltage
V(t). When the voltage Vg is too low to cause discharge ignition as long as the amplitude
of the applied voltage is below a certain threshold V;, and the current is only the capaci-
tive displacement current Ly i,cemene @ shown in Fig. 3 (Eq. 2).

dv (v
Idisplacemem o = (CDCg/CD + Cg) T 2)

The discharge ignited (key in position 2) when the applied voltage magnitude exceeds
the threshold V,,;, (breakdown voltage) at which the instantaneous gap voltage reaches a
certain threshold, which is determined by the gas composition, its pressure and the dis-
charge gap. Additional current is formed which is the discharge current (glow and filamen-
tary current) shown in Fig. 3. In this case more charge (Q) is transferred into the gap.
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Fig.3 Current-voltage oscillogram at an applied voltage of 14 kV
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Fig.4 Electrical model of DBD 4
discharge operation
C Dielectric
D capacitance
VD
?S
1 2
—e
V (t) R,
Applied Plasma
voltage V. == Resistance
8 le——
C C
| Gap —™p
g . Plasma
Capacitance R
capacitance
v
) = g
Imeasured — discharge

The relation between the gap voltage Vg(t) and the total charge Q(t) are written as follows
[39] (Eq. 3):

Cce
o = <1 - ”)Qd,-sg(n + CeanV (1)
d
c.c, 3)
Ccell = :
C,+C,

Qqisg 18 the charge which is transferred conductively during the discharge, C, is the total
capacitance of the discharge cell including both the dielectric and gap capacitance.

The power was analyzed following the original work of Manley, who has utilized volt-
age—charge Lissajous figures to characterize the average consumed power through the dis-
charge [32]. The charge—voltage characteristic plot was revealed in Fig. 5. The two values of
effective discharge capacitance are indicated by obtaining of two distinct slopes of the Q-V
plot. The DBD power formula was shown in Eq. (4), where is the total power P related to the
operating frequency f, the peak voltage V,, .. and the minimum discharge voltage V,,;, at which
microdischarges are monitored in the discharge gap with the capacitances of the dielectric(s)
(Cp) and the gas gap (Cp).

T
p=z / W) - iode; i) = %
0
LT @)
p=1 / V(1) - dQ
0

AP =413 (Cp+C,) " Vi (Vs = Vi)
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Fig.5 Voltage—charge Lissajous figure at applied voltage 13 kV

The consumed power was determined to be 3 W at a voltage of 14 kV was applied.
Total Light Emission

In this work another independent method was used to confirm the formation of the fila-
mentary discharge superimposing the homogeneous glow discharge modes. The total light
emission intensity generated from plasma was detected with a fast photomultiplier. The
response time of the photomultiplier was less than 1 ns which is short in comparison to
the lifetime of the filaments in the discharge zone (higher than 10 ns). Figure 6 reveals the
waveforms of the plasma discharge current (I) measured in milliampere and the total light
emission intensity (LEI) following the discharge current presented in arbitrary unit.

It can be noticed that the emission intensity formed from filaments superimposed the
uniform glow component that follow the discharge current behavior.

The formation of uniform glow discharge at atmospheric pressure may be attributed to
different possibilities:

e LEl(@U) = = I(MA)

Light Intensity (a.u)
Current (mA)

Time (ms)

Fig.6 Total light emission and discharge current
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1. The roughness of the dielectric surface forms many sharp edges which is expected
to produce a high local electric field strength which is enough to cause ionization in
the vicinity of the edges through the discharge volume leading to many streamers add
together and forming the continuous glow discharge.

2. Emission of electrons from the dielectric surface due to a high electric field strength
formed on the surface due to charge accumulation on the surface.

3. Some dielectric materials can trap appreciable amounts of charges uniformly on the
surface. When the electric field changes its polarity, the charge carriers are expelled
from the surface initiating a diffuse discharge development.

Contact Angle Measurements

The surface wettability of unmodified PVC membranes was derived from contact angle
measurements of water drops set onto the PVC surface. High contact angles indicate
hydrophobic, low contact angles display hydrophilic surface properties. The contact angle
was measured for untreated, DBD plasma treatment in air, with additional AA grafting
and finally after consumption of amine. As well known, oxygen plasma is a good source
for introduction of polar oxygen-containing functional groups into the surfaces of the PVC
membrane, which was reflected by better wetting with water and corresponding lower con-
tact angles.

The results showed that the water contact angle (WCA) decreased from 54° of the
original PVC to 18° of the DBD plasma-treated and acryl acid grafted PVC membrane
(PVC-g-AA). However, the plasma treated and AA-grafted sample (PVC-g-AA) as well
as the PVC-g-AA samples with additional amination (PVC-g-AA—Amin) show similar
low water contact angles. This hydrophilicity is an indication of incorporation of polar
O-containing groups into the surface as it was detected using FTIR-ATR spectroscopy
(see “Study of Chemical Composition of the Membranes by ATR-FTIR” section). Previ-
ous work and those of other authors had also confirmed a reduction of WCA after plasma
deposition of a plasma-polymerized layer of acrylic acid onto various substrates [40, 41].
Figure 7 shows the results of WCA tests.

Fig. 7 Contact angles of 60
modified PVC compared to the
untreated sample 504
S 404
=)
=]
<
8 304
=
o
o
5}
= 204
N
. - . l
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pNC G“““ d\a\“\“e
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A tentative scheme of probable chemical reactions leading to the outstanding decrease
of water contact angle is presented as follows (=C =polymer surface):

1. After formation of C radicals (=C)

Molecular oxygen reacts with such radicals and forms peroxy groups (=C + O-
O — =C-0-0)). In a second step,

3. hydrogen abstraction from adjacent polymer molecules takes place (=C-O-
0O +=CH — =C-0-0OH +=C’). An auto-oxidation process is now initiated. Then, the
formed

4. hydroperoxide decomposes by plasma irradiation or plasma bombardment preferably
to alkoxy and hydroxyl radicals (=C—O—OH + hv— =C-0O + OH). Now, the

5. alkoxy radicals can initiate the graft polymerization of acrylic acid (=C-
O+ CH, =CH(COOH) — =C-0-CH,~CH(COOH) — further chain growth with new
AA monomer molecules).

As discussed before, exposure to O, plasma is a good way to introduce polar O-func-
tional groups such as OH, epoxy, C—O-C, >C=0, CHO, COOH, COOR etc. In addition,
many radicals were generated but immediately consumed by molecular oxygen. The formed
peroxy radicals then undergo the before described peroxy route. Therefore, two ways were
possible to make hydrophilic the PVC surface by exposure to DBD discharge, firstly, the
introduction of polar O and N containing groups and, secondly, additional post-plasma
wet-chemical graft polymerization of acrylic acid with its strong polar carboxylic groups.
Such post-plasma radical-initiated graft-copolymerization is a chain growth reaction which
produces regularly structured covalently grafted poly(acrylic acid) [42]. Thus, a covalent
bonding of the growing PAA chain to the PVC substrate is expected [43]. Such covalent
grafting can be confirmed by the stability of grafted films towards solvent extraction.

Secondly, plasma-introduced O-functional groups can interact with the COOH groups
of the grafted PAA molecules. Thus, PAA molecules which are not covalently bonded to
the PVC substrate are also strongly adhered by such ionic or dipole—dipole interactions.
In this way, homopolymers generated by radical transfer are also strongly bonded and can
also withdraw solvent extraction. In plasma, there is a further possibility the well-known
possibility of self-condensation of acrylic acid to esters, which is associated with loss in
polarity.

Plasma-introduced OH groups can react with COOH groups of acrylic acid to ester
groups. However, such reaction is not very probable. Such esterification needs a water
absorbing additive to shift the reaction balance in favor of esterification.

It is worth to be mentioned the hydrophilicity plays a key role in adhesion, drug deliv-
ery, fuel cells, composite formation or polymer-complexes and bacteria behavior. Moreo-
ver, the results revealed that the WCA was strongly decreased (Fig. 7). Additionally, the
wettability of the membranes was improved, however marginally, by the amination of
COOH groups with polyethyleneimine or ethylenediamine.

Study of Chemical Composition of the Membranes by ATR-FTIR

The ATR-FTIR spectroscopy was utilized to study the chemical structure of the pure and
modified PVC membranes. The ATR-FTIR spectra of unmodified PVC, PVC-g-PAA, and
PVC-g-PAA-PEI (aminated with polyethyleneimine) samples are displayed in Fig. 8. The
spectra of grafted samples differ from that of the blank PVC membrane. The spectrum
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Fig.8 FTIR-ATR spectra for (a) PVC as blank, (b) PVC-g-PAA, and (c) PVC-g-PAA-PEI

of PVC-g-PAA shows the characteristic peak for COOH groups at v=1713 cm™! (see
also Table 1). A broader band covering a spectral range from 3000 to 2500 cm™! reflects
H-bonding interactions of COOH groups [44].

Fahmy and Schonhals [40] have been discussed that PAA components can be easily
identified by vO—H in the range of 3200-3600 cm™~' corresponding to the O-H stretching
mode and by its carbonyl vibration 1C=0 at ca. 1710 cm™'. Additionally, the peak that was
observed at 2920-2910 cm™' could be identified as symmetric stretching vibrations of CH,
and that of 28502840 cm™! also. The observed absorption at 1430 and 840 cm™" has been
assigned to the SCH, and wCH [45, 46].

As was presented in Fig. 8, a very strong band at 1713 cm™! represents vC=0 cor-
responding to the formation of a grafted PAA film. The regions of 1450-1400 cm™' and
960-910 cm™! are corresponding to the O-H in-plane and out-of-plane deformations,
respectively. Although, the signal at 1450 cm™! originates from the C—H bending vibration
coupled with that of O-H bending [45]. Therefore, the IR spectra, depicted in Fig. 8, con-
firm the chemical modification of the membrane treated by oxygen plasma and grafted with
PAA. Nevertheless, the C=0 peak is shifted to 1740 cm~! after amination with diamine.
This shift may be referred to the amide formation [48, 49]. The found spectral features
in the range of v=2160 cm™' represents the C=N stretch, however, this is improbable.
Amine hydrochloride formation is much more probable, and it corresponds very well with
the before mentioned expectation of the existence of physically or hydrogen bonded PAA
homopolymers [50].

Stability in Water

The stability of the PVC-g-AA membrane in water is very important with regard to bio-
medical or a fuel cells application, therefore, the solubility of the grafted films in water was
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Table 1 Representation of the

. . . Material Wavenumber (cm™!)  Vibration assignment
assignment of typical peaks in
the IR spectra [45-47] PVC 2970 LCH
2920 v*CH,
2870 vCH
2850 ’'CH,
1430 6CH,
1330 6CH+7CH,
1250 6CH
1198 vC-C
1095 vC-C
690, 640, 613 vC—Cl
PVC-0O, 3200-3600 vO-H
plasma—PAA 1710 1C=0
(PVEPAA) 1451 5CH, +60-H; piane
1402 S0OH+vC-O
1250 6CH and vC-O + 6OH
960 50-H
PVC-PAA- 3300-3500 v* and Y N-H
amination 2160 yCN
with polyeth- 7 1% C=0 amide I
yleneimine
1655 SN-M
1064 Vc_y (chain not amide) or §¢yy3
—PpvC
|—— PVC-AA-H,0 45 min 1065 1095
——PVC-AA-H,0 30 min —
; :EXE:QA—HIO 60 min \/
<
3 /\A_//\J
£ N
[}
< /_/\_A< \/
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5 wavenumber [cm™]
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8
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Fig.9 FTIR-ATR spectra of PVC-O, plasma-AA with dipping in dist. water for 30, 45 and 60 min com-
pared to the pure PVC membrane as blank. The inset reveals spectra from 1150 to 750 cm™! as example
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investigated. Figure 9 reveals the spectra of the original, modified and grafted PVC mem-
branes before and after washing in water. A definite amount of PAA layer was dissolved
from the grafted films after water exposing with increasing the washing time, indicated
by the loss in transmittance at v=1713 cm™" (vo_o). It can be interpreted by removing of
some non-bonded homopolymer with low molecular weight.

Other oxygen specific signals such as 60-H and vC-O at wavenumbers of 960 and
1095 cm™! remain unchanged as shown in the inset of Fig. 9 [51]. These results suggest
that the modified PVC membrane was successfully grafted by a thin film of PAA although
partially PAA homopolymers were also produced.

Surface Morphology

Figure 10 displays microscopic images (SEM) which show the surface morphology of
blank PVC, PVC-g-PAA and PVC-g-PAA-PEI (PEl—polyethyleneimine). In the ami-
nated membranes phase separation was not observed. The smooth surface morphology and
glossy-like structure of the PVC-g-PAA membrane (Fig. 10) refers the homogeneity and
the good compatibility between PVC and PAA.

Investigation of Thermal Stability of the Modified PVC Membrane
by Thermogravimetry (TGA)

The percentage of weight loss as function of original PVC and PVC-g-PAA membranes
is presented in Fig. 11. The weight loss of modified membranes is lower than that of

Fig. 10 Scanning electron micrographs of unmodified a PVC, ¢ PVC-g-PAA, e PVC-g-PAA-PEI on the left
side while the cross-sections of each sample are shown on the right side, respectively
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Fig. 11 TGA experiments on PVC-g-PAA in comparison to unmodified PVC

unmodified PVC indicating a thermally stable grafting of membrane. This thermal stability
is high enough for its application in the direct methanol fuel cell (DMFC) [52] since the
thermal decomposition of the grafted membrane does not start below 250 °C.

For all membranes, a small transition around 100 °C is observed, which corresponds to
weight loss of absorbed water. The transition at about 380 °C is assigned to the beginning
of chain scissions. The weight loss to the threshold of 250 °C was much lower for the PVC-
g-PAA (6%) than for the original PVC (18%).

lon Exchange Capacity Measurements (IEC)

Figure 12 presents the IEC values of the various processes to modify PVC membranes.
The IEC value of unmodified PVC is very low as expected because of the low level

of charges present in such polymer membranes. After modification by exposure to the

DBD atmospheric-pressure plasma and subsequent grafting with PAA the IEC value

Fig. 12 The change of IEC 0.14
values in PVC-g-PAA—PEI at
wide range of time for amination 0.12 4
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untreated PVC 0.10
o0 0,08
=}
g
E, 006
O
B 0.04
0.02 -j
0.00

wE w c—07— AR N Awine © N\ Amin® A \m\“e W AAAIE we

PNCO PG00 Y\JC—O“A‘ yC-0h

@ Springer



1514 Plasma Chemistry and Plasma Processing (2019) 39:1499-1517

was increased. Additional amination with PEI shows a slightly lower IEC value when
the reaction time for amination was shorter than 6 h. It should be remembered that the
carboxylic groups of PAA should be consumed by the PEI reacting to amide groups.
Therefore, the IEC values decreased after amination process for 6 h. However, a clear
trend is noted for prolonged amination reaction. The IEC value of PVC-g-PAA-PEI
after 12 h amination is close to that of the PVC-g-PAA. It means that PVC-g-PAA
membranes without subsequent amination are also suitable as electrolyte membranes.
Thus, an additional reaction process can be eliminated. Nevertheless, prolonged amina-
tion of 18 h further increases the IEC value (Fig. 12). In summary, with increasing the
polarity of membrane surfaces, the IEC values were increased also considering the risen
water content in the polymer membrane, therefore, the water uptake measurement was
recommended for confirmation.

Solvent Uptake

The study of swelling ability of polymer membranes was previously reported [53]. The
adsorption ability or more colloquially swelling degree (uptake %) of PVC-g-PAA-PEI,
compared to the untreated PVC membrane is shown in Fig. 13. The swelling measure-
ments performed with deionized water, methanol and ethanol at room temperature.

The treatment of PVC membranes influenced the degree of swelling strongly. The
resultant swelling data refer that the grafted PAA acts as an electrolyte and therefore,
the water uptake of the PVC-g-PAA was significantly increased and that of PVC-g-
PAA-PEI was further increased. However, the adsorption ability/swelling degree of the
modified membrane depends on the density of polar groups (COOH, NH,, -CO-NH-)
at the membrane surface and the polarity of solvent (H,O > CH;0H > C,H;OH), thus the
polar solvent molecule was attracted by the membrane surface with many polar groups
or the more aliphatic solvent was repelled. Further, the maximum uptake of water was
achieved with the aminated PVC-g-PAA-PEI membrane. The PAA grafted membrane
(PVC-g-PAA) adsorbs alcohols preferentially [54].

Fig. 13 Water, methanol and B Water
ethanol uptake (%) of PVC-g- 50 1 I [EZ2] Methanol
PAA-PEI within 12 h compared ] [ Ethanol
to the untreated PVC membrane 20 -

_ 30

£

g 2049

=

f=}
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Summary

Acrylic acid was successfully graft-polymerized onto PVC membranes using a preced-
ing exposure to the atmospheric-pressure DBD plasma in air/O, gas. The thus modified
membrane fulfilled the preconditions for use as electrolyte membrane if subsequently to
the plasma modification a wet-chemical grafting from of poly(acrylic acid) has taken place.
Thus, a strong polar membrane surface was generated equipped with carboxylic groups.
Further reacting of carboxylic groups with amino groups of polyethyleneimeine has pro-
duced an insignificantly stronger polarity.

The produced increased polarity of the PVC surface was quantified by measurements
of water contact angles and FTIR-ATR spectroscopy. Additionally, the weight loss of all
modified PVC membranes was much lesser than that of original PVC. Such modified PVC-
0O, plasma-AA membrane can be now applied as an electrolyte membrane.
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