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ABSTRACT

Porous polycarbonate and polypropylene membranes were grafted with
stimuli responsive polymersthat formed brush-like structure. The grafting
from mode was applied. Efficiency of modification was compared for two
kinds of plasma- dielectric barrier discharge plasmaand microwave plasma.
The following thermo- and pH-sensitive polymers were used poly(N-
izopropyloakryamide), poly(propylene oxide-co-ethylene oxide) and
poly(acrylic acid). It was found that grafted membranes showed different
water permeability when temperature and pH changed and their responses
to external stimuli wererelated to the kind of used membrane mostly. It was
noted that the use of both plasmas resulted in preparation of membranes
with similar grafting yield. Taking into account the simplicity of equipment
used, the dielectric barrier discharge plasma has been suggested for

KEYWORDS

Polymer brushes;
Smart polymers;
Membrane valves.

preparation of such nanostructured membranes.
© 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Membraneswith environmentally-sensitive poly-
mers havebecomeintensively studied inlast decades.
They are prepared by two methods: i) blending of re-
sponsive polymer with standard polymer and process-
ing the blend to prepare membraneswith embedded
responsive elementsor ii) attaching responsive poly-
mer to porous substrate!. Thelast method can be con-
ducted by direct grafting of polymer brushesto pore
wallsor by insitu polymerization of stimuli responsive
polymerswithin pores. The works of Mikaet al.[2®!
showed hugegpplication potentid of theattached simuli
sengitive polymers. It was shown that phasetransition
of gel fixedinto pores have affected the either viscous
flow or membranes sel ectivity!>8. The unique charac-
ter of such membraneswerereflected by caling them

McMaster membranes. However, themethod for their
synthesi swasnot Smpleandfast enough. TheMcMaster
membraneswere prepared by photoradical polymer-
ization of monomersinto pores”. Thesynthesesroutes
need the use photoinitiator and conduct polymerization
at elevated temperature. It seemsthat plasmainduced
introduction of radicalsto porewallsshould makethe
preparation step smpleand fast.

Lately, plasmamodification becomesvery attrac-
tivemethod for dteration of surface properties. There
aretwo featuresthat justify that interest: production of
small amountsof by-productsand extremely short time
of modification. The presented study dealswith com-
parison of modification efficiency for two plasmas. di-
electric barrier discharge, DBD, and microwave, MW,
in preparation of stimuli responsive membrane. DBD
plasmabelongsto the group of processesthat arerun
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under thenormal pressure. Electrodes biased by alow-
frequency current with high voltage arearranged very
closeeachtotheother. lonized gaschangesthe surface
chemistry when asampleisattached to one electrode.
Inthe case of MW plasma, gas activation occursat a
remote place of the system and activated molecules
bombard sample surface. Theminusof MW plasmais
aneedtorunit at low pressurein aplasmachambert®
12

Generally, there are two approaches for surface
grafting: i) toinduceradicalsonthe surface and poly-
merize monomers(grafting from method, and i) to at-
tach polymer chainsto surface by plasmaaction™. The
effectiveness of thelast method in grafting stimuli re-
sponsive polymersisevauated in this paper.

There are some macromoleculesthat are ableto
changetheir propertieswith respect totemperature, pH,
ionic strength, light, etc. Grafting such polymersonto
porous surfaceresultsin crestion of stimuli responsive
structuresthat can control membrane permegbility with
responseto different environmenta conditions. Poly(N-
isopropylacrylamide), PNIPAM, isoneof thewel| rec-
ognized thermosensitive polymer. Inwater, it exhibits
lower critical solution temperatureat 32°C1#+9, Co-
polymer of ethylene oxide and propylene oxide,
poly(EO-co-PO), has similar properties at more el-
evated temperature (40-50°C)12°24, Poly(acrylic acid),
PAA, changes its properties when pH varies. Its
pK=4.5 shows that chains collapse at acidic condi-
tiong2dl,

The paper isaimed to show the best conditionsfor
preparation of stimuli responsvemembranesby plasma
treatment. To do it two microporous membranes, two
plasmaactivation methods and three kinds of stimuli
respons ve polymerswere used to obtain smart mem-
branes.

EXPERIMENTAL PART

Materialsand equipment

Porous polypropylene membrane, PP, - Celgard
2500 of thickness 25.4 um, average pore- 0.20 um
and porosity of 45% was used as polyolefin substrate
representative.

Polycarbonate membranes, PC, - Nucleopore of
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pore size of 0.1, 0.2 or 0.4 um was used as
polyaromatic substratesrepresentative.

N-izopropylacrylamide, NIPAM, (SigmaAldrich)
recrystallized from n-hexane. Poly(acrylic acid) (Mw
=50,000 Da) delivered by Polysciences.

Copolymer poly(propylene oxide-co-ethylene ox-
ide) 30P160, (Mw=10,100 Da, averageratio of moles
propyleneoxideto ethylene oxide as 30:160) wasgifted
by CCP Rokita, Poland.

Poly(N-isopropylacrylamide), PNIPAM, was ob-
tained by radica polymerization of NIPAM monomer,
7.5%, in agueous sol ution with potassium persulfate,
0.52%, asinitiator. Polymerization was carried at 80°C
for 5 hrs. Filtered product wasdried in vacuum at room
temperature. Theyield of polymerization— 74%, and
viscosity average molecular weight — 1,200 kDa.

Plasmareactors

Microwave plasmasystem, of 2.45 GHz frequency,
with adjustable power source (ERTEC, Poland) and
dielectric barrier plasma, DBD, system (DoraPower
System, Poland) with adjustable current, voltage and
pul sefrequency were used throughout thisstudy. Ar-
gon served asgasin both systems.

Thefollowing plasmaparameterswere chosenfor
membraneactivation:

(8 MW plasma

- for both kind of membranes: 170W plasmapower,
pressureinthe plasmachamber 0.5 Torr, distance
from plasmaedgeto sample surface— 7 cm, modi-
ficationtime-5min.

(b) DBD plasma

- for PCmembranes: 15kV, 5mA, argonflow 601/

h, pulsetime 0.5 ms, pulsecycle 10ms, modifica

tion time 1 min, distance between e ectrodes—0.5

mm.

- for PPmembranes: 20kV, 5mA argonflow 601/h,
pulsetime0.5ms, pulse cycle 10ms, modification

time 1 min, distance between e ectrodes— 0.5 mm.

Deter mination of radicalsconcentration

Peroxide concentration on modified membranes
was determined by 2,2-diphenyl-1-picrylhydrazyl hy-
drate, DPPH, method®. The membranes, blank and
plasmamodified, wereimmersed in 0.1 M solution of
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DPPH in benzene and exposed to UV lights (2 kW)
for 5 min. The solution absorbance was determined
beforeand after UV illumination. Radicalsconcentra:
tionwascal culated from thefollowing rel ationship
A=CL¢s

whereA —absorbance at 520 nm, L—optical path thick-
nessand e=1,18x10*l/mol cm

Grafting protocols
(a) Grafting after DBD or MW plasmaactivation

After the plasmaactivation the membraneswere
exposed to air for 10 min. Grafting of stimuli respon-
gvepolymerswascarried out by immersing membranes
inagueoussolution of suitablepolymer andilluminating
themwith UV light, 2kW lampfor 3 min. Grafting pa-
rameters are shown in TABLE 1. After grafting the
membranes werewashed with large volume of water
to remove unbound polymer.

TABLE 1: Grafting parameter s when membranes were
activated in DBD plasma.

Polymer
Membrane
PNIPAM  P(PO-co-EQ) PAA
Solution concentration, wt%
1,20r3 10 25
T ature of grafting, °C
Polycarbonate emperéiLire of gratting
60 60 60
Time for grafting, min
240 240 240
Solution concentration, wt%
7.5 10 25
H 0
Polypropylene Temperature of grafting, °C
60 60 60
Timefor grafting, min
240 240 240

M embranecharacterization
(a) Graftingdegree

Grafting degreewas ca cul ated gravimetrically and
expressedin, g/lcm?, according to thefollowing formu-
lee

GY =(W,-W,)/S
where W, and W, are weights of membrane after and
beforegrafting, and Smembranearea.

(b) ATR-FTIR spectroscopy
Wide scans of grafted membraneswere obtained

on Perkin-Elmer System 2000 spectrophotometer
equipped withATR device (Ge, 45°). 250 scanswere
collected with 4cn? resol ution.

(c) Filtration process

Theresponse of membranesto varioustempera-
tureand at different pH was tested in Amicon 8200
filtration cell at 20 and 45°C, for PNIPAM modified
membranes and at pH 3.5 and 10.5, for PAA mem-
branes. For all measurements 0.05 MPaoverpressure
was applied. Before filtration, membranes were
hydrofilizedin 50% water:ethanol solutionfor 30 min.

RESULTS

When one usestwo different plasmasfor surface
activation one should expect that they create different
amount of surface peroxides. To check thishypothesis
the peroxide concentration generated by DBD and MW
plasmas on PC and PP membraneswas determined.
Theresultsarelistedin TABLE 2.

TABLE 2 : Amount of formed peroxides on modified
membr anes.

Plasma Membrane Peroxide concentration™ [nmol/cm?]

PP 3.45
DBD .

PC 1.24

PP 4.21
MW .

PC 0.98

*polycarbonate membrane with pores of 0.2 um was taken;
#accuracy of peroxide determination less than 20%, the data
corrected for blank samples

Theingpection of obtained dataa lowsre ection of
thehypothess: both evaluated plasmas showed thesame
efficiency in creation of peroxidesfunctionaitiesonthe
membrane surfaces. Hence, both of them could beused
for grafting of stimuli responsvepolymers. However, a
different amount of radical swas created on the mem-
branes: polypropylene membrane had 4-times more
peroxidesthan polycarbonate membrane.

Polycarbonatemembranes

When DBD plasmaactivated membraneswereex-
posed totheair someamount of peroxidefunctionaities
wereformed onthesurface Afterimmersingthesemem-
branesinapolymer solution and exposingitto UV light
the chains should be attached to membrane*4. The
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properties of PC membranesgrafted with PNIPAM,
30P160, and PAA arelistedin TABLE 3.

TABLE 3: Characteristicsof PC membranegrafted with
PNIPAM, 30P160, and PAA. Didlectricbarrier plasma case.

Per meate flux [dm /m-h]

Membrane Concentration Grafting

Grafted : Before After
polymer po[r;;ze of p[o%]mer [r?:;?(r;ez] modific-;ttion moc(i]ifica’(ion0
T=20C T=20C T=45C
1 0.0061 32 10 99
0.1 2 0.0021 33 4 87
3 0.0040 38 5 96
1 0.0055 52 0 27
PNIPAM 0.2 2 0.0060 54 0 90
3 0.0087 56 0 v
1 0.0081 236 0 225
0.4 2 0.0070 235 0 189
3 0.0100 210 0 223
0.1 0.0072 30 59 65
30P160 0.2 10 0.0064 45 41 46
0.4 0.0066 235 187 201
pH=35 p3"_'5: pH=10.5
0.1 0.0021 35 17 0
PAA 0.2 25 0.0040 55 37 0
0.4 0.0055 236 160 0

PC membranesgrafted with PNIPAM behaved as
thermo-sensitivemembranes:. they did not dlow water
to pass at room temperature but they werewell per-
meableat 45°C. What ismore, thiseffect was detected
for membranes obtai ned by grafting of PNIPAM from
ether low or high concentrated solutions. Inthe case of
30P160 copolymer, it was no observed any relation
between water flux and temperature. That confirmed
low sensitivity of poly(propylene oxide-co-ethylene
oxide) copolymer to temperature changes. Grafting of
PAA resulted in getting pH-sensitivemembranes. The
content of grafted poly(acrylic acid) chainswaslarge
enough to plug pores when the chainswere swollen.
When pH dropped below pK of carboxylic groups,
shrunken chains opened poresand membranesbecame
permesble.

Similar relationship wasnoted for PC membranes
treated in microwave plasma(TABLE 4). Generally
speaking, MW plasma caused grafting on the same
extend as DBD plasma and obtained membranes
showed similar properties: PNIPAM and PAA were
sensitiveto temperature and pH change respectively,
while 30P160 grafted membranes did not show any
ggnificant flux alteration at different temperatures.

ATR-FTIR spectroscopy was used to check chemi-
ca composition of themodified membranes. Figure 1
presents|R spectraof neat PC membrane (a) and mem-
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brane grafted with PNIPAM (b, ¢). Thepeaksat 1540
cm* and 1650 cm?, attributed to C=0i N-H groups,
indicate presence of PNIPAM. Moreintensiveabsorp-
tion bands appeared for MW plasmaand confirmed
higher degreeof grafting for it. However, one cannot
forget that higher concentration of PNIPAM wasused
tothe synthesis. Inthe case of 30P160 copolymer, the
spectra(see Figure 2) show peaks characteristic for
C-O groupsin the 1050-1200 cm® region. It means
that thiscopolymer was grafted to polycarbonate sup-
port aso. For DBD and MW plasmas, polycarbonate
membranes grafted with PAA showed peaksat 1558
and 1457 cm* attributed to carboxylates (see Figure
3). Presence of peak at 1715 cm?, related to C=0
structure, confirms presence of poly(acrylic acid) on
themembrane surface. Therewereno differencesbe-
tween IR spectrafor membranes prepared by means
of both plasmas.

TABLE 4: Characteristicsof PC membranegrafted with
PNIPAM, 30P160, and PAA. Microwaveplasmacase.

3 2
Per meation flux [dm /m h]

MembraneConcentration Grafting

Grafted : Before After
polymer po[ruen?;ze of p[c;;)y]mer [rif;?(r:;.wez] modificgtion mogification0
T=20C T=20C T=45C
0.1 0.0024 38 25 248
PNIPAM 0.2 7.5 0.0026 52 0 240
0.4 0.0027 236 0 189
0.1 0.0070 62 25 52
30P160 0.2 10 0.0071 46 10 25
0.4 0.0069 250 37 60
pH=3.5 pH=3.5 pH=105
0.1 0.0023 32¢ 20 0*
PAA 0.2 25 0.0021 50 60 0
0.4 0.0025 191 106 15

a

1 il e

1700 1600 1500
Figurel: FTIR spectraa) no modified membrane PC, b)
membrane with PNIPAM modified by DBD plasma, c)

membranewith PNIPAM modified by MW plasma.

1400 1300
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1200 1100 1000 900
Figure2: FTIR spectraa) no modified membrane PC, b)
membrane with 30P160 modified by DBD plasma, c)
membranewith 30P160 modified by MW plasma.

1R800 1700 1600 1500 1400 1300

Figure3: FTIR spectraa) no modified membrane PC, b)
membr anewith PAA maodified by DBD plasma, ¢) membrane
with PAA modified by MW plasma.

Polypropylenemembranes

In preparation of responsive membranes by graft-
ing PNIPAM or PAA to plasmaactivated PC mem-
branes, DBD and MW plasmas appeared to beequiva
lent: the obtained membranes showed similar charac-
ter. Hence, takinginto account simplicity of the use of
DBD plasmathis method was applied for polypropy-
lenemembranes. The procedure of polymer graftingwas
thesameasin the case of PC membranes. Permesbility
of prepared membranesisshownin Figures4 and 5.

Asone predicts, PNIPAM membranes showed ex-
cellent thermosensitive behavior even when small

amountsof poly(N-isopropylacrylaminde) weregrafted
to. Thesame phenomenonwasobserved for PAA mem-
branes: withlow grafting yield they behaved asvaves
and changed permeability with ateration of feed pH.
However, for largegraftingyidd dl poreswereblocked
and water was not able to pass through membrane.
Hence, selection of materialsfor the useasthe stimuli
responsivevaveismostly related to the grafting yield
of polymer brushes.
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Figure4: M embrane per meation asthefunction of grafting
yied. PPmembranewith PNIPAM.
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Figure5: M embrane permeation asthefunction of grafting
yield. PPmembranewith PAA.

ATR-FTIR spectroscopy was used to character-
izechemica composition of modified PP. Theobtained
spectraareshowninFigures6and 7.

Figure6illustrates|R spectraof neat PP membrane
(a) andthe samemembranewith grafted PNIPAM (b).
Aswas mentioned for PC membranes, the peaks at
1540 cm and 1650 cm*were attributed to C=0 and
N-H groupsabsorption. Hence, they gavean evidence
that PNIPAM was|ocated on the surface of PPmem-
brane. Inthecaseof membranesgraftedwith PAA chains
(Figure 7) peaks at 1457, 1560 and 1715 cm* are
characteristicfor carboxylicfunctiondity. These peaks
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gppeared ingpectrum of PPmembranegrafted with PAA
and proved presence of poly(acrylic acid) onthemem-
branesurface.

300 ernot
Figure6: FTIR spectraa) not modified membrane PP, b)
membranewith PNIPAM modified by DBD plasma.
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Figure7: FTIR spectraa) not modified membrane PP, b)
membr anewith PAA modified by DBD plasma.

CONCLUSIONS

Inthe synthesisof stimuli responsive membranes,
the useof both plasmamethodsresulted in manufactur-
ing smilar products. Grafting of PNIPAM to PC or PP
microfilters offered thermosensitive membranewhile
grafting of PAA resulted in pH sensitivemembranes. It
seemed that eventhe smdll grafting amount of polymer
brushesto both substrates resulted in preparation of
membranesthat could responseto the change of pH or
temperature. Taking into account that PC microfilters
had narrower pore sizedistribution than PP membranes
had and that PP substrate was ableto keep moreradi-
casafter activation, Celgard 2500 micro-filtersseemed
to bemoreefficient in preparation of stimuli responsive
membrane valves. Even the largest pores could be
blocked by grafted chainsand thewhol e system does
not loseitsability to responseto externa stimuli. Acti-
vationin DBD plasmawasasmuch effectiveasactiva-
tioninMW plasmabut smplicityinitsoperation raised
didectric barrier discharge plasmadeviceto thetop of

= Fyl] Peper
systemsfor plasmamodification.
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