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Study of polylactic acid corona electrets
A. Guzhoval*, T. YovchevaZ, A. Viraneva?

! Department of Processing Technology of Polymers and Composite Materials,
Kazan National Research Technological University, 68 Karl Marx Str., 420015, Kazan, Russian Federation
2 Faculty of Physics, Paisii Hilendarski University of Plovdiv, 24 Tsar Asen Str., BG-4000 Plovdiv, Bulgaria

Electret and surface properties of the PLA film treated in a negative or a positive corona discharge at two different temperatures
were studied. Vibrating electrode method with compensation was used to measure the electret surface potential value. The changes in
the surface free energy were investigated by means of contact angle measurements. The Bickerman’s method was applied to determine
the polar and dispersion components of the polymer surface free energy, FTIR-spectroscopy was used to analyze the polymer functional
groups content. It was found that in all cases the corona treatment increases the polar component of surface free energy of polylactic
acid. The effects of negative and positive corona polarities display some specific features which could be associated with different
charged group introduced into the film during the corona treatment. The total final effect depends on the simultaneous action of the two
competing factors — temperature and corona polarity. The most pronounced effect was observed for high temperature negative corona
treatment.
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INTRODUCTION sity 1.25 g/cm® and glass transition temperature
327 K (54°C)).

PLA films were solvent-casted using
trichlormethane. The films thickness was about 5-10
um measured by electronic micrometer Micromaster
IP54, TESA SA, Switzerland.

The corona charging of the samples was carried
out by the method of the negative and positive corona
discharge shown in Figure 1. The distance between
the grounded plate electrode and the grid was 10 mm,
the distance from the grid to the corona electrode
was 7 mm. The samples were divided in two groups.

Electrets are dielectrics that possess excess or
distributed charge and create constant electric field.
They have found various applications in different in-
dustries. To manufacture electrets synthetic polymers
are commonly used [1-3]. However, nowadays there
is a demand in new advanced materials for their man-
ufacturing since industrial polymers have long de-
composition period resulted in increase of polymer
wastes and environmental pollution [4,5]. One of
the solutions is application of biodegradable polymers
e.g. polylactic acid (PLA) derived from renewable re-
sources [6,7]. e ™~

One of the most popular techniques to produce ( N
electrets is polymer polarization in a corona dis- 9 .
charge. Its advantages include high process rate and x J{i ‘\
simple instrumentation. During unipolar corona dis- N
charge injection of charge carriers (electrons, ions) 3 6 | T
occurs into dielectric where these charge carriers are 2 ‘i
held by surface or volume traps. 8 _\ 1

Therefore, the objective of the paper was to pro- /_ é\jl/ l I
duce film material based on PLA and study its elec-
trets properties. _(' I s v =

I I

MATERIALS AND METHODS

The subject of research was L-polylactic acid  Fig. 1. Experimental set-up for corona treatment: 1 —

(PLA) (Direct Corporation Lot # 902-57-1 with den-  grounded electrode; 2 — sample; 3 — grid; 4 — corona elec-

trode (needle); 5 — corona electrode power supply; 6 — grid

* To whom all correspondence should be sent: power supply; 7 — heating element; 8 — thermocontrol sys-
alina_guzhova@mail.ru tem; 9 — thermochamber
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Fig. 2. Thermally stimulated surface potential relaxation
measuring unit: 1 — upper vibrating electrode; 2 — sample;
3 — thermal couple; 4 — heating element; 5 — power suply
with temperature control; 6 — thermochamber; 7 — digital
multimeter; 8 — surface potential meter.

The samples of the first group were placed on the
grounded plate electrode and were charged for 3 min
at temperature 25°C. Another group of samples was
heated up to 90°C, charged for 3 min at temperature
90°C and then cooled to 25°C in corona discharged
for 30 minutes. Positive or negative 5 kV voltage was
applied to the corona electrode. 1 kV voltage of the
same polarity as that of the corona electrode was ap-
plied to the grid.

The surface potential values were measured using
a vibrating electrode method with compensation. The
estimated error was less than 5%. Thermally stim-
ulated surface potential relaxation was measured by
vibrating electrode method at constant heating rate of
1.65 degree/min. Figure 2 illustrates unit for measur-
ing thermally stimulated surface potential relaxation.
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Fig. 3. Scheme of the surface energy: ¥;, at solid-vapor in-
terface, 7, at liquid-solid interface, and ¥;,, at liquid-vapor
interface; 0 is the contact angle; d is the drop diameter
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Contact angle formation between a liquid drop
and solid surface is presented in Fig. 3. The con-
tact angle depends on the energies at the interfaces:
solid-liquid (sl), solid-vapor (sv), and liquid-vapor
(Iv). The symbols y with two indices describe the sur-
face energy between the two phases in contact.

Following the theory of Owens and Wendt [8], and
Kaelble and Uy [9], the surface free energy of a solid,
%, can be expressed as a sum of contributions from ¢
and “y’ components. Both can be determined from
the contact angle data of polar and non-polar liquids
with known dispersion, yfé, and polar, yf;, parts of
their interfacial energy:

Y(14cos0) =24/ vyl +24/ ¥y (1)

where ¥, = ¥ + 7).

To measure the contact angle, 60, distilled water
and diiodomethane drops with varying volume were
inserted onto the solid PLA film surface, at room tem-
perature, using a precise 10 ul micro syringe (Inno-
vative Labor System GmbH, Germany) supplied with
steel needle. The drop volume was from 2 pl to 6 ul.
The drop diameters were measured with optical mi-
croscope (MBC-9, USSR) provided with a microme-
ter scale eyepiece (Fig. 4). For each drop volume, and
each testing liquid, 5 measurements were performed
at different places onto the sample surface. The same
procedure was repeated with six different samples.
The final value of the contact angle is the mean value
of the six samples measurements. The estimated error
was less than 5%.

Fig. 4. Microscope drop image.

Bickerman’s method [10, 11], in which the effect
of gravity distortion is negligible and the drop may be
considered as a segment of a sphere, was applied to
derive the contact angle:
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a3 24sin’ 0 )
V. m(2—3cosO +cos’0)
where V is the drop volume, and d is the drop diame-
ter.

RESULTS AND DISCUSSION

Charge behavior of PLA-based electrets produced
at various polarization conditions is shown in Fig. 5.

Electrets properties depend on quantity of injected
charges penetrating into the material during polariza-
tion in corona discharge and fixed to different en-
ergy traps. Initial sharp decay of the surface potential
curve occurs due to escape of injected charge from
small surface energy traps. Then charge stabilizes
and surface potential changes slightly. Charge value
in this case is determined by injected charge carriers
captured by volume traps. Therefore, polylactic acid
polar groups promote trapping of injected charge car-
riers by small surface energy traps resulting in rapid
charge decay of corona electrets.

Differences in electret properties of negative- and
positive-charged films are due to different nature of
injected charge carriers that are formed during air ion-
ization. According to [3], if positive corona occurs in
air, the prevailing ions are of the type (H,O),H and
n enhances with increasing relative humidity. In the

case of low relative humidity values, the (H,0),NO™
and (H,0),,(NO2)™ groups are dominant. If negative
corona occurs in air, the most important ions are the
COy ions, while at 50% relative humidity, 10% of all
ions are of the type (H,0),COj5 . In case of polar PLA
films the most stable values of surface potential were
observed for negatively charged electrets.

One can see (Fig. 5) that PLA electrets charged
in negative corona discharge at 90°C performed the
most stable surface potential values. At other polar-
ization conditions, significant charge relaxation oc-
curs in as little as 5 hours after polarization.

Higher surface potential values of the PLA corona
electrets charged at 90°C compared to ones charged
at room temperature were expected since initial heat-
ing is known [1,12] to enhance electrets stability. The
reason for this is that charge carriers penetrate deeper
into the bulk of a polymer due to greater chain mobil-
ity leading to increased electric conductivity.

More information on corona electret charge sta-
bility was obtained by the method of thermally stim-
ulated surface potential relaxation. It includes mea-
suring electrets surface potential during linear heat-
ing right after polarization. Figure 6 shows thermally
stimulated surface potential relaxation curves for the
samples positively and negatively charged at room
temperature.
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Fig. 5. Surface potential of PLA films vs. storage time: 1 — negatively charged at 25°C, 2 — negatively charged at 90°C,

3 — positively charged at 25°C, 4 — positively charged at 90°C.
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Heating above 25°C was shown to cause sharp
surface potential decay. Complete relaxation oc-
curred at 50°C. Almost identical curves of surface
charge decay in negative- and positive-charged PLA
films indicate similar charge carrier trap nature. Com-
plete charge relaxation temperature in PLA is close to
its glass transition temperature (50-55°C). It means
that dipoles in PLA macromolecules act as charge
traps. Rise in temperature above this point enables
polymer dipole group to move freely resulting in dis-
appearance of dipole-group or dipole-segment polar-
ization. It is reported in [13, 14] that electrets effect in
corona electrets based on polar polymers is caused by
both external (injected charge) and internal (dipole-
group) polarizations. Therefore, above PLA glass
transition temperature ordered dipole system breaks
down and injected charge escapes i.e. electrets state
relaxation occurs (Fig. 6). Thus, it is inefficient
to produce electrets based on pure PLA. To enhance
stability and values of electret performances differ-
ent modifications may be used, e.g., fine filler addi-
tion [13,15,16].

Surface properties are ones of the most important
application performances of any polymer film (in-
cluding electret). Distilled water and diiodomethane
contact angles on PLA films and calculated data on
surface energy and its dispersion and polar compo-
nents are given in Table 1.
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Fig. 6. Surface potential vs. Temperature for PLA elec-
trets films negatively (1) and positively (2) charged when
uniform heated at the rate of 1,65°?/min.

Polarization at room temperature increases polar
and decreases dispersion component of the surface
energy regardless of corona polarity (Fig. 3). It oc-
curs due to formation of different oxygen containing
groups on a polymer surface that contribute to surface
energy polar component of the PLA films.

Temperature rise results in surface free energy
increase of uncharged samples due to surface ox-
idation leading to increase in the amount of polar
groups on the film surface. Meanwhile, surface free
energy of electret samples reduces while the number
of polar groups is grater compared to uncharged ones.
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Fig. 7. Total surface energy of uncharged and electrets PLA films: 1 — polar component ¥/, erg/cm?; 2 — dispersion

component ¢, erg/cm?.
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Table 1. PLA film surface properties
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Film charge T, °C %:, erglem? v/, erglem? ¥, erg/cm? Polarity 61,0 OcH,J,

Uncharged 25 40.89 4.52 36.36 0.11 79,0° £ 0,6°  40,0° £0,6°
Uncharged 90 42.42 6.81 35.61 0.16 73,9° £ 0,3° 39,6° £ 1,3°
Negative 25 39.81 5.17 34.64 0.13 78,4° £0,6°  429°+0,8°
Negative 90 38.79 5.87 3293 0.15 77,8° £ 1,0°  45,7° £ 0,6°
Positive 25 39.95 5.02 34.94 0.13 78,6° £ 0,7°  42,5°+£04°
Positive 90 40.20 4.93 35.27 0.12 80,7° +0,7°  41,3° £ 1,3°
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Fig. 8. Surface potential vs. Temperature for PLA electrets films negatively (1) and positively (2) charged when uniform

heated at the rate of 1.65°C/min.

It is evidenced by transmittance peak intensity of the
IR-spectra (Fig. 8) at 1749 cm ~! corresponding to
C=0 stretch vibrations and at the range of 1200—
1050 cm ~! corresponding to C-C(O)-C stretching vi-
brations. It can be explained by the presence of the
electrets surface charge that prevents drop spreading
on the surface and thereby increasing contact angle.

CONCLUSIONS

Thus, optimal parameters to manufacture PLA
electrets are negative corona discharge and initial
heating at 90°C Injected charge carrier traps were
shown to be dipole groups of PLA macromolecules
oriented in corona discharge. When PLA electret
sample is heated above glass transition temperature
(about 50-55°C) complete charge relaxation occurs.
Polarization at room temperature increases polar and
decreases dispersion component of the surface free
energy.
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MN3CIIEIBAHE HA KOPOHOEJIEKTPETHY OT ITOJIMMJIEYHA KUCEJIMHA
A. FY,Z[)KOBal, T. MoBuesa?, A. BI/IpaHeBa2
! Kazancku nayuonanen uscnedosamencku mexHuuecku yHusepcumen,
yn. “Kapn Mapkc” 68, Kasam, 420015, Pycka @edepayus
2 [Tnosduscku yHusepcumem “Ilaucuti Xunendapcku”, yn. “Llap Acen” N°24, ITnosdus 4000, Bsnzapus

(Pe3iome)

INomryyaBaHeTo Ha eJleKTPeTV Ha OCHOBATA Ha MOMMMJIeYHa KMCeaHa IPUBAMYa HAaYYHMSI MHTepec, T.K. 3aMeHsI CMUHTeTUYHUTE I10-
JIMMepH, TPOU3BeleHM OT HeBb30OHOBSIEMM BBIJIEBOJOPOIM M OCTABS 6M0PA3rpaXkoally ce OTIaL bl 6e3 eKOJIOTMYHM BPeu.

VscienBana e nomumiieuna kucenmua (ITIMK) (Direct Corporation Lot #: 902-57-1). ®@wivu ¢ ge6ennua 10 ym ca monmyueHu ypes
usauBaHe Ha 5% pastBop Ha [IMK B Tpuxiopmerad. O6pasuuTe ca 3apexkIaHy B ITOJOKMTEIHA M OTPUIATeTHA KOPOHA C MOMOIITa
Ha TpUeneKTpoAHa cucTemMa. Pa3cTosiHMeTO MeXIy 3a3eMeHMs eeKTpof, U pelieTkaTta e 10 mm, a pa3cTOSIHMETO MeXIy pellleTkaTa 1
KOpOHMpaUys elnekTpor e 7 mm. YacT oT 06pa3uuTe ce IOCTaBSIT Ha IUIOCKMS 3a3eMeH eleKTPO[, U ce 3apexaar 1 muH. [Ipyra rpyma
o6pasiu ce HarpsaBat A0 90°C, BK/IIOUBA Ce M0JIeTO Ha KOPOHHMS paspsj 3a 5 MMH. U CJIefl TOBa 00pasiiUTe Ce OXJIaXKIAT JMHEIHO B
€JIeKTPUYHOTO MoJ1e 3a 30 MyH. [T0JI0XKMUTETHO WM OTPULIATETHO HampexkeHue 5 KV ce mogaBa Ha KOpOHMpaIus eaekTpos. HampexkeHne
1kV cbe cbijaTa MosIsIpHOCT KaTO HA KOPOHMPAILMS elIeKTPOJ, ce II0faBa Ha pelleTKaTa. [IoBbpXHOCTHMST TOTeHIIMA/ Ha eJIeKTPeTUTe ce
M“3MepBa 10 MeTOA Ha BUOPHMPAIIS eJIeKTPOA, C KOMITeHcalysl. TepMUYHO CTUMY/IVMpPaHaTa peslakcalys Ha TIOBbPXHOCTHYIS IIOTEHIa
ce M3MepBa TI0 ChINMS METOJ, Ha BUOPUPAIIUS €lIeKTPOJ, ITPU TIOCTOSIHHA CKOPOCT Ha HarpsiBane 1.65°/min.

Haii-cTabuiieH NOBbPXHOCTEH MOTEHLIMA e yeTaHOBeH 3a umu ot [IMK, orpuniatenHo 3apeneru npu 90°C. [Ipu fpyruTe yeIoBUs
Ha 3apex/iaHe e HaO/MoaBaHa 3HaYNMTelHA pelakcalysl Ha 3apsijia 3a [10-MaJjIko OT 5 yaca c1ef Monspyu3aysiTa.

EnexkTpeTHuTE CBOJCTBA HAa OTPULIATEIHO M TIONIOKUTETHO 3apeeHuTe GUamMm ce bskaT Ha pasaMuHMs XapakTep Ha MHXKEKTUpa-
HUTE I0HU, KOUTO ce 06pa3yBaT 110 BpeMe Ha KOPOHHYS pa3psia. CbIiacHo [1], mpu NOMOKMUTETHA KOPOHA BbB Bb3yX IPe0biafaBalinuTe
ftonm ca ot Tima (H,0),H™ 1 n ce yennuapa ¢ yBemMuaBaHe Ha OTHOCHTE/THATA BIDKHOCT. [IpM HMCKA OTHOCUTEITHATA BIAKHOCT IPY-
nute (H,0),NO™ u (HZO)n(NOZ)Jr ca momuHmpamy. IIpu oTpuiaTenHa KOpoHa BbB Bb3yX Haii-BaxHuTe fonn ca CO5, a pu 50%
OTHOCHTENHA BlaskHOCT, 10% oT Beyuky itonm ca (Hy0),CO5 .

IMoseye nH(MOpMAaIVS 3a CTAGMITHOCTTA HA eleKTPeTHNS 3apsii e ToTyyeHa ype3 MeToa Ha TepMIYHO CTUMY/IMpaHaTa peslakcanms
Ha IMOBBPXHOCTHMS MOTeHIMa. YCTAaHOBEHO bellle, ye HarpsiBaHeTo Haf, 25°C MpMUMHSIBA PSI3KO CHalaHe Ha TTOBbPXHOCTHUS TIOTEHIV -
ajI, KaTo Ib/IHA peakcauus HacTbiea npu 50°C. HabmonaBaHuTe UOEHTUYHM €KCIIePVMEHTATHY KPUBYM 32 OTPULIATETHO U TOIOXKU-
TenHo 3apeneHute Gunmu ot [IMK rmokasBaT HanuuMe Ha IOLOGHY HOCUTENM Ha 3apsifi, 3aXBaHATM B Pa3IMIHM eHepreTVYHY YIOBKU.
TemneparypaTa Ha ITbIHa penakcanys Ha 3apsiga B IIMK e 61m3ka 1o TemriepaTypara Ha BCTbKiasiBaHe (50-55)°C. ToBa o3HauaBa, ue
nurnonute B [IMK MakpomornekyauTe fgeiicTBaT KaTo 3aXBaHATH B YIOBKY 3apsiin.
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