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Properties of poly(lactic acid)/Ecoflex rigid foil sheets applied in

thermoforming process

RAPID COMMUNICATION

Summary — Selected properties of rigid foil sheets made of poly(lactic acid) (PLA) and their
blends with Ecoflex modifier for thermoforming have been presented in this paper. The products
have been subjected to strength, gas permeability, gel permeation chromatography (GPC), light
transmission and haze as well as surface wettability investigation. The advantageous influence of
Ecoflex on processing parameters and sheet quality have been stated. However, this modifier
slightly lowered strength parameters and sheet transparency as well.
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WEASCIWOSCI SZTYWNYCH FOLII POLI(KWAS MLEKOWY)/ECOFLEX PRZEZNACZO-
NYCH DO TERMOFORMOWANIA

Streszczenie — W artykule przedstawiono wybrane wtasciwosci sztywnych folii wytworzonych
z poli(kwasu mlekowego) (PLA) oraz jego mieszanin z modyfikatorem Ecoflex przeznaczonych
do termoformowania. Metoda chromatografii zelowej (GPC) wyznaczono cigzary czasteczkowe
otrzymanych polimeréw. Wyroby poddano badaniom wytrzymatosciowym, przenikalnosci
gazow, transmitangji Swiatta, zamglenia oraz zwilzalnosci (tabele 1—4). Stwierdzono, ze dodatek
Ecoflex ma korzystny wplyw na parametry przetworcze i jakos¢ folii, natomiast nieznacznie po-
garsza wlasciwos$ci wytrzymatosciowe i transparentnos¢ produktow.

Stowa kluczowe: polimery biodegradowalne, poli(kwas mlekowy), folie sztywne, opakowania

biodegradowalne.

The biodegradable materials are a new group of pro-
ducts, whose world consumption increased 15 times in
last ten years [1]. The dynamic production growth of
those materials results, first of all, from care about natural
environment, economy, exploitation of coming to an end
deposits of energetic raw materials and last but not least,
legislature. Biodegradable materials are used in specialist
industry (tissue engineering), in mass production (pack-
aging) and also have been applied as modifiers accelerat-
ing decomposition of synthetic polymers in natural
environment [2, 3].

The biggest producer of biodegradable materials is
American Company LLC Nature Works producing va-
rious types of poly(lactic acid) (PLA). Nowadays, this
polymer is the most popular in the world and may be
processed using standard machines, equipment and
technologies for classic polymers [4—11]. PLA in spite of
many favorable advantages such as ease of processing,
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biodegradation and wide possibilities of application, has
defects, of which the most important are rigidity, brittle-
ness, water sorption and the possibility of degradation
during processing. One way to eliminate or reduce those
disadvantageous properties is development of new poly-
mer blends with other biodegradable polymers with suit-
able properties that can not be used alone. One of such
polymers is poly(butylene adipate-co-terephthalate)
(PBAT) [12—15].

The objective of this study was to examine the influ-
ence of commercial PBAT (Ecoflex) on processing and
physicochemical properties of PLA sheets.

EXPERIMENTAL
Materials

Poly(lactic acid) (PLA) type 2002D Ingeo (Nature
Works LLC, USA) was used for thermoforming of sheets.
PLA is characterized by: melting point temperature T, =
210 °C, glass temperature Tg = 55—58 °C, density 1240
kg/m?, and melt flow rate of 5—7 g/10 min (210 °C/2.16
kg).

Poly(butylene adipate-co-terephthalate) (PBAT) with
trade name Ecoflex type C17893 (BASF, Germany),
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applied to improve properties of sheets, was characte-
rized by: T,, = 120 °C and density 1250 kg/m”.

As an antiblocking agent PLA dc S511 (SUKANO,
Switzerland) with T,, about 65 °C and density 1230 kg/m>
were used.

Preparation of sheets

Three types of sheets were prepared:

— sheet 1: PLA/antiblocking agent of composition
specified by mass ratio of 98/2,

— sheet 2: PLA/Ecoflex/antiblocking agent of compo-
sition 96/2/2,

— sheet 3: PLA/Ecoflex/antiblocking agent of compo-
sition 96/2/2 (extruded at higher temperatures).

All biodegradable materials in pelletized form were
prepared by co-rotating twin-screw extrusion provided
with gravimetric dosing unit. Polymers as granulates
were subjected to sheets extrusion using industrial
DIAMAT equipment. The technological line is provided
with a single-screw extruder (screw diameter 100 mm)
and sheet extrusion die-head of width 1120 mm. For the
tests a new plasticizing system, especially screw for PLA
has been designed and used. The single screw, of length
L/D = 28 with barrier winding and variable groove depth
was used for better homogenizing action of the extruded
polymer.

Before extrusion all granulates were dried for 4 h at
75 °C in the drier over molecular sieves. The tempera-
tures of the plasticizing system along the cylinder for
sheet 1 and sheet 2 ranged between 210 and 240 °C. The
temperatures of the extrusion die-head ranged between
230 and 235 °C. Sheet 3 was extruded at temperatures
along the cylinder ranging from 230 to 245 °C to check the
influence of increased temperatures on sheets properties
of PLA/Ecoflex blend. The output capacity of the PLA ex-
trusion attained approx. 140 kg/h. The speed of the screw

was 30 min™.

Methods of testing

Barrier abilities of thermoformed sheets were deter-
mined using water vapor permeation and gas perme-
ation devices Lyssy L80-500 and Lyssy 100-500, respec-
tively, according to requirements of standards PN-EN
ISO 15106-1 and PN-EN ISO 2556. The analyses were car-
ried out for water vapor, oxygen and carbon dioxide.

Tensile strength has been determined using
TIRAtest27025 according to PN-EN ISO 527-1 standard.

Light transmission and haze were determined using
Spherical Hazemeter BS 2782 according to PN-EN ISO
13468-1 and PN-84/C-89100 standards.

Surface wettability of sheets was determined by tes-
ters (IMPIB Institute) according to ISO 8296 standard.

Molecular weights were determined by size exclusion
chromatography (SEC). Chromatographic system was
composed of a 1100 Agilent isocratic pump, degasser,

autosampler, photometer MALLS DAWN EOS (Wyatt
Technology Corporation, Santa Barbara, CA), and diffe-
rential refractometer Optilab-REX. ASTRA 4.90.07 soft-
ware (Wyatt Technology Corporation) was used for data
collecting and processing. Two PL Gel columns 5 microns
MIXED-C were used for separation. Samples were in-
jected as a solution in methylene chloride.

The industrial research of printing sheets was carried
on using flexographic printer of speed 7 m/min. The ink
from Huber Italia Spa was used for this purpose.

RESULTS AND DISCUSSION

The extrusion of sheet 1 (PLA without Ecoflex) was
connected with high energy consumption. After trim-
ming this sheet had feather edges. The sheet sides were
uneven, jerked and torn. Sheet 2 (modified with Ecoflex)
showed better quality (the sheet after trimming was even
without feather edges) and energy consumption during
extrusion was lower by about 30 % in comparison to sheet
1. The best quality and processing parameters showed
sheet 3 (modified with Ecoflex and extruded at higher
temperature).

T able 1. Light transmission coefficient and haze of investi-

gated sheets
— =
Sheet 1 915+0.1 3.8+0.0
Sheet 2 79.1+£0.2 71.9+0.2
Sheet 3 83.9+0.1 255+0.1

T a b 1 e 2. Strength properties of investigated sheets when
stretching; MD — machine (extrusion) direction, TD — trans-
versal direction

Sheet 1 Sheet 2 Sheet 3
Parameter
MD TD MD TD MD D
Tensile
strength, MPa 63 62 60 59 64 60
Elongation
at break, % 3 3 3 3 3 3
Elasticity
modulus, MPa 2535 | 2167 | 2689 | 2417 | 2844 | 2815

In industrial tests of sheet extrusion a sheet of thick-
ness 0.45 mm and width 450 mm was obtained. Light
transmission coefficients and haze values for prepared
sheets are listed in Table 1. Sheet 1 containing only an
antiblocking agent showed high transparency of 91.5 %.
Addition of modifier (sheet 2) caused substantial de-
crease of light transparency. The sheet was opaque. How-
ever, higher processing temperatures improved trans-
parency by 6 % and lowered its haze 3 times. The changes
in light transparency and haze result from changes in
crystalline structure of the extruded sheet at higher tem-
perature.
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Based on mechanical results, presented in Table 2, it
has been stated that the tensile strength at break of PLA
samples slightly diminished after adding modifier and
the elongation at break remained unaffected. The
changes lie within the range of measuring error. The
value of elasticity modulus however grew up for modi-
fied sheets and was the highest for sheet 3. The reason of
those changes may be crosslinking process between PLA
chains which is initiated by high temperature.

The results of determination of number-average mo-
lecular weight (M,) and weight-average molecular
weight (M,,) are presented in Table 3. Chromatographic
analysis of PLA substrate and investigated sheets show
that the degradation processes occur in the polymer
when extruding. The average molecular weights M, and
M, for the prepared sheets (1—3) are lower then for neat
PLA.

Table 3. Results of average molecular weights and polydisper-
sion degrees

Sample M, M, M,/M,,
Pure PLA 89 340 120 900 1.35
Sheet 1 77 590 117 800 1.52
Sheet 2 77 950 110 000 141
Sheet 3 83 160 116 200 1.40

M,, for sheets 1 and 2 (received in the same tempera-
ture) in comparison to pure PLA diminished by about
13 %. For samples extruded at higher temperature profile
(sheet 3) one may notice lower diminishing of M, com-
pared to sheets 1 and 2 (fall by 7 %). It may be caused by
crosslinking reactions of degraded polymer chains at ele-
vated temperatures. Those processes also cause the
growth of elasticity modulus of sheet 3. Decrease of M, as
a results of extrusion was smaller than for M,. Higher
temperatures of processing cause increase of M,,

Table 4. Results of barrier abilities of investigated sheets con-
cerning selected media

Water vapor Oxygen Carbon dioxide
Sample permeation permeation permeation
P 1(38°C, 90 % ARH) | (23 °C, 0.1 MPa) | (23 °C, 0.1 MPa)
g/m?/24 h cm3/m?/24 h cm3/m?2/24 h
Sheet 1 14.68 70.79 56.49
Sheet 2 15.68 67.14 60.36
Sheet 3 13.16 60.05 58.85

The sheet 1 showed lowered values of wettability than
Ecoflex containing sheets (2 and 3). It may confirm the
positive influence of this agent on surface wettability of
sheet which is extremely important in further processes
of sheet processing like printing, coating, gluing. Wett-
ability value for sheets 2 and 3 were 40 m]/mz, and for
sheet 1 was 38 mJ/m?. The temperature of processing did
not affect the wettability of sheets with Ecoflex. In indus-
trial printing tests it has been stated that in the first case

sheet surface did not need any further treatment; in the
second one however (sheet 1), the print was not stable
and underwent blurring.

The barrier properties were listed in Table 4. Ecoflex
has positive influence on oxygen permeation values, the
permeation for CO, and water vapor however is much
higher. Elevated processing temperatures have positive
influence on permeation values of all investigated sheets.

CONCLUSIONS

Based on obtained results one can state that Ecoflex as
additive for PLA sheets causes their haze and lower
transparency. Higher temperature of sheets processing
improve their transparency. It considerably improves
their processing properties but negatively influences the
strength properties. However, the fall of those values was
negligible. Ecoflex also improves the barrier properties of
the sheet against water vapor (only when higher process-
ing temperature was used) and oxygen but worsens them
against carbon dioxide CO,. During extrusion the poly-
mer undergoes slight thermal and mechanical degrada-
tion.

The packagings obtained in the processes mentioned
above show good physicochemical and utility properties
and may be applied for packaging of food. The products
worked out in the Institute IMPIB in Torun are first pro-
ducts of this type in Poland on industrial scale.

This work has been financed by the Polish Ministry of
Science and High Education from science funds for
2007 —2009 as a state-maintained Research Project No.
PBR-R 05 055 02.

REFERENCES

1. www.european-bioplastics.org

2. Kaczmarek H., Bajer K.: Polimery 2008, 53, 631.

3. Bajer K., Kaczmarek H., Dzwonkowski J., Stasiek A., Otdak
D.: J. Appl. Polym. Sci. 2007, 103, 2197.

4. Btedzki A., Fabrycy E.: Polimery 1992, 37, 343.

5. Garlotta D.: J. Polym. Environ. 2001, 9, 63.

6. Foltynowicz Z., Jakubiak P.: Polimery 2002, 47, 769.

7. Duda A., Penczek S.: Polimery 2003, 48, 16.

8. Pienkowska E.: Polimery 2006, 51, 836.

9. Gotlebiewski J., Gibas E., Malinowski R.: Polimery 2008, 53,

799.

10. Lim L. T., Auras R., Rubino M.: Proc. Polym. Sci. 2008, 33, 820.

11. Jiang L., Wolcott M. P, Zhang ].: Biomacromolecules 2006, 7,
199.

12. Pat. USA 0037 912 (2007).

13. Yamamoto M., Witt U., Skupin G., Beimborn D., Muller R. J.:
Biopolymers 2004, 4, 299.

14. Herrera R., Franco L., Rodriguez-Galan A., Puiggali J.: J.
Polym. Sci. Part A 2002, 40, 4141.

15. Marten E., Miiller R. J., Deckwer W. D.: Polym. Degrad. Stab.
2005, 88, 371.

Received 1 11 2010.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
    /PLK ()
  >>
  /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


