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Abstract: The effect various biologically compatible low assess the influence of these plasticizers on the

molecular weight plasticizers (containing ester greps and
hydroxyl groups) on stress-strain properties (moduls of
elasticity, tensile strength, ultimate elongation,etc.) and the
biodegradability (in phosphate buffer solution andin the soil)
of the biodegradable aliphatic polyester - poly (letic acid)
(PLA) was studied.

Films cast from the solution in chloroform (CPLA) a well
subsequently thermally treated films (TPLA) were eamined.

It has been found (DSC method) that CPLA is almost
completely amorphous, while TPLA — highly crystallne. TPLA
is less resistant and much more compliant: shows abt three
times smaller value of modulus and more than 30 ties higher
ultimate elongation.

Plasticizing leads to considerable increase of defoability
CPLA. Significant drop of elasticity modulus with gowth of
plasticizers content was observed. Plasticizers efftively reduce
the value of stress maximum, increase the ultimateensile
elongation and decrease the strength of CPLA. Thelyrerol
triacetate (TA) with more similar molecule structure to PLA
turned out to be a most efficient plasticizer.

A presence of plasticizers facilitates the degradain process
of CPLA in the phosphate buffer solution and in sdj as well

Keywords: poly (lactic acid), thermal behavior, strength-
deformation characteristics, plasticization, biodegadation

I INTRODUCTION

Poly (lactic acid) (PLA) is linear aliphatic therplastic
polyester derived fromenewable resourceBest known for
its ability to biodegrade, the polymer can be psses to
replace less environmentally friendly hydrocarb@séd
polymers, such as polystyrene or polyethylene. &SiRtA
biodegrades, has some other desired propertiesiganuigh
melting temperature, good barrier characteristicg) can be
easy processed, it finds applications in variousdf —
packaging, medicine and agriculture [1; 2; 3].

However, certain mechanical characteristics (maioly
high elastic modulus and low elongation at breakPbA
seriously restrict its application as films for gaging
industry [4]. To improve the compliance and flekilyi of

biodegradability of films.

Il MATERIALS AND METHODS

PLA Biomer L9000 (U9000/03/2903) was used. The
average molecular weight 109.55 kDa was determiomgd
intrinsic viscosity measurements in chloroform @@

Several, mostly branched, ester groups and hydroxyl
groups containing low molecular compounds of rather
narrow range of molecular weight (218 — 500) weseduas
plasticizers (Table 1).

Taking into account that PLA is a polymer with extrely
high content of ester groups it might be expectet some
of chosen compounds will turn out to be well conigat
with the polymer. Melting point of all used compalsn(- 15
to -78C) is sufficiently less than glass transition tenapere
of PLA (see Table 2 and Fig. 1), which could pasiy
influence the drop of glass transition temperatwt
plasticized systems. Comparatively high values oilitg
temperature forthese compounds (256 — 3@, in turn,
suggests the low volatility of these compounds. Mdsused
compounds are acknowledged as acceptable plastciae
PS, PVC, PVA, etc. [3; 5; 6].

Il PREPARATION OF FILMS

Plasticizers were introduced into polymer by mixiaf
polymer and plasticizer solutions in common solvent
chloroform. The total content of polymer togetheithw
plasticizer in all cases was 4 wt%.

Films were prepared by solution casting technigl@eml
of solution were pored in glass Petri dishes (di@mé&40
mm). Films with thickness 100 % um were prepared by
evaporation of solvent at room temperature (initie¢kness
of solution layer was 2.5mm): 24 h was enough tache
complete evaporation of the chloroform. Films wit@, 15
and 20 wt% of plasticizers were prepared and tested

Part of plasticized PLA films was thermally treat&édms
were inserted between 2 layers of PTFE coated dédsic
and steel sheets. The packet was placed betweetedhea

the plasticized PLA systems have been made anghtes of press (hydraulic RONDOLL press) heatetii@C

investigated [5; 6]. Two tasks were raised for thtsdy.
Firstly, to compare plasticizing effect of numbédrselected
plasticizers by analysis  of
characteristics of plasticized PLA films and, sedign to

(the temperature which corresponds the maximum on
melting peek, Table 2 and Fig. 1) and kept for 4 i low

strength-deformationyressure. Then films were cooled between cold nutaks

(average cooling rate SC/min).
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TABLE 1
CHARACTERISTIC OF USED PLASTICIZERS
Molecular . - .
Name and Molecular formula weight, M?It'rlg Bonmog point, Use
designation point,°C C
g/mol
Triacetine, o 218.21 -78 258 Used as a food
glycerol additive (as a solvent
triacetate, g in flavourings,
TA humectant and others
R 0 T a - -
- R o e
[+] [+]
Tributyl citrate, o4 360.45 -76 418 Used as additive for
TBC j ﬂ\ food contact, medical
F R I and pharmaceutical
L materials
-~ 1{ o
/J R ‘ L\
Polyethylene 300 (average) -15 250 Used in a variety of
glycol (PEG pharmaceuticals and in
300), i3 i N medications.
PEG s e i
GRINDSTED® fully acetylated 500.5 -21.5 >300 Fully degradable food
SOFT'N'SAFE, monog|yceride (at 1mm Hg) additive.
GSNS based on castor oil
TABLE 2
DSCCHARACTERISTIC OF CASTED AND SUBSEQUENTLY THERMALLY TREPED PLA
Glass transition temperatuf€ Cold crystallization Melting
Sample Heat Heat
initial flexion final Temperature’C effect, Temperature’C effect,
AH, J/g AH, Jig
Cast 43 48 58 85 97 116 19 | 148 163 174 32
Sharp, very evident peak
Subsequently 25 | 38 | 51 no 141 168 177 42
thermally treated
Weakly expressed
[8)
Cold cristalization Omax
Glass transition Gy \—/_—//_/—‘\
2
Glass transition
Melting
~Cr L e
Srmax k]
T A T e TTe T = o = @ TR TeC Fig. 2. Characteristics which were determined from tensity curve: elastic

modulus E=lim(@/de)|.—o, os — tensile strength,eg — ultimate elongation,

Fig.1. DSC curve®f PLA: cast (1), subsequently thermally treated (2 Omax— Stress at the maximuma,— respective elongation
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IV STRENGTH-DEFORMATION CHARACTERISTICS  elongationeg is very low (close to 5 %). It become obvious,
that CPLA needs to be plasticized in order to achiequired
deformability of films. Unexpectedly, thermally &ted PLA
(TPLA) turned out to be less resistant and much emor
compliant polymer. It shows about three times senalalue

Double blade shaped samples of films were cut fwidb
mm, length of working area — 10 mm).

The thickness of each sample was measured at ératiff
points by a micrometer and the average was takemsile test . :
of the films was carried out at @D by use of Zwick Roell ©f E and more than 30 times highgy value. It seems that

testing equipment according to requirements of B ISO there is no acute necessity for plastig:izing of APHovx{ever,
527-3:2000 [7] (the speed of the upper cross-head TPLA films likely are less attractive for packagingse,

mm/min). Stressd) - strain €) relationship was determined because of potentially more knotty processing teltigy.

till the breaking of sample#& number of strength-deformation h Jl't'.dg'ng frortr: DSC :jdata (-l;aﬁ.le t'2 anc:] F'tg' f:]I;)’ th:PLA n
characteristics (Fig. 2) of films were determinedni stress- eating run shows cold crystallization (heat effeotform

VS - 5 ;
S s 10 ot pasen . e vohem G of st 20 et by ey of
independent measurements. Y 0). y 1

not exceed 14%. Namely CPLE is nearly amorphous and
V THERMAL CHARACTERISTICS tens_ile test temperature (more thaﬁ@ﬁelow glass transition
flexion temperature) behaves as typical amorphoiassy
Thermal analysis for films were carried out using golymer.
METTLER TOLEDO STARe 1 DSC at a heating rate of On DSC thermogram of TPLA (Table 2 and Fig. 1) only
10°C/min under nitrogen atmosphere. The sample weigist one heat effect (melting of crystalline part of thelymer)
around 5 mg. The glass transition, cold crystdilma and occurs, corresponding to high crystallinity — 45%Glass
melting temperature regions were determined. Citystg of  transition of amorphous part of thermally treatedymer is
PLA was determined from the melting heat effectadaf about 16C lower, comparing with cast polymer. Seems, that
polymer crystalline phase, assuming that for 1009stalline  structure of the amorphous part TPLA is less orzzhi
PLA this value is 93.1 J/g [8]. (comparing with CPLA) and is more friable.

TABLE 3

VI BIODEGRADABILITY IN THE PHOSPHATE BUFFER STRENGTH DEFORMATION CHARACTERISTICS OPLA

SOLUTION AND IN THE SOIL UNDER CONTROLLED

LABORATORY CONDITIONS PLA E, MPa "Mm;; £max | o MPa &
Biodegradation of plasticized PLA films was tested Cast 1054 no no 40 0,06
phosphate buffer solution (PBS) and in the micridgwally Subsequentl
active soil under controlled laboratory conditiof2§°C; pH thermeﬂw Y 370 15 0,05 9 1,97
6.5). treated

Samples of size 30 x 30 mm were prepared and plaxced
glass dishes with phosphate buffer. Slightly ah@lphosphate
buffer solution (pH = 7.2) was prepared by dissuivb.49 g

NaHPQO,2H,0 and 1.81 g KEPGO, in 1 L of distilled water in . a
accordance with [9]. Three samples were taken feaunh 40 | T ™,
plasticized system. All dishes were placed in tie¥mostat at 35 1 e
25°C. I A
Every week one sample from each system was removed < iz /-/
from the glass dishes rinsed of with distilled watkied 24 h & s P
at 32C and aged for 72 h at 8D in vacuum oven till the w0l 7
unchanged mass. Estimated weight loss of filmsnduthe 5.7
period was calculated. The remaining samples were °y e
substituted with fresh PBS [9; 10]. e
Biodegradation in the soil was evaluated graviretly 50
under controlled laboratory conditions at 25 £Clin 457 2 b
microbiologically active, moist garden soil (pH =55 Film ;‘2
samples were placed in the soil in glass Petriedisind kept % |
in oven at 28C. Every week 3 parallel samples from each |
system was taken out, washed in distilled water dued at & 20 1
1 1 = 4
105°C for 72h. The weight loss of the films was deterei. - 12 k N
VIl RESULTS AND DISCUSSION z

Cast PLA (CPLA) films show tensile strength-defotima ° s T ks : P
characteristics rather different from thermallyatesrd (Fig. 3, Fig.3. Tensile stresso — strain ¢) curves of cast (a) and thermally treated
Table 3). Values of strengthis and elasticity modulus E of PHAfiIms (b): curve 2 —true stress

cast polymer are comparatively high, while ultimate
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High deformability (largesg) of TPLA is a result of stress-
induced “melting” and subsequent “recrystallizationf
crystalline regions and their orientation alongstEndirection,
which is typical for crystalline polymers [11].

Maximum on thes(g) curve EGmay most likely characterize
the ultimate stress which is necessary to destneyglassy
amorphous framework and to release crystallineoregilt is a
highest value on the(e) curve of TPLA. At the same time the
value ofomy (Table 3) is about three times smaller than
value of cast polymer (it is the stress at whidlyfamorphous
glassy structure  breaks). Considerable orientation
strengthening of TPLA can be observed: there igalupl
growth of stress with elongation after the maximuhie
effect of orientation strengthening becomes momngunced
if instead of engineering stresstrue stresss* values ¢* =
o(1+¢) is used (Fig. 3, curve 2). Plasticizing leads to
considerable increase of deformability of cast PLA.

Elastic modulus E = lim@lde)|._o characterizes the
resistance of the initial structure of the polyra¢dow unite
strain values, when structure transformations gelaave not
yet occurred. Therefore directly modulus may sea®
measure of the ability of certain plasticizer to aken
intermolecular interaction. There is significantodr of E
values with content of various plasticizers (Fig).4Onc(g)
curves of plasticized CPLAs .« peak appears. Plasticizers
effectively reduce the value of,. (Fig. 5a).

There is significant increase of ultimate tensilengation
¢g of CPLA with plasticizer content (Fig. 6a), as w@alypical
undesirable effect of plasticizing is strength mthn of
polymer. Really,cs values decreases when the plasticizer
content grows (Fig. 7a). All observed tendencieig).(Ba -
Fig. 7a) are the result of greater or lesser gbdft certain
plasticizer to weaken intermolecular bonds of payni\s can
be seen (Fig. 4a - Fig. 7a) most efficient plazticiis TA
(gray diamond markers). Comparing with other used
plasticizers (Tablel) the structure of TA molecidemore
similar to the structure of CPLA. The consequenéehis
similarity is the best compatibility of TA with CRRL As
could be expected, less efficient plasticizer iGPEith less
similar structure of the molecule (gray circularrkes).

Effect of plasticizers on strength-deformation eueristics
of TPLA differs from CPLA. Peculiar “antiplasticizg”
impact can be observed in many cases. If the Hastigzer
TA (and few others) show “normal” tendencies: daseeof E
(Fig. 4b) andoyax (Fig. 5b) values, as well increaseegf(Fig.
6b) values, then some other behave differently.wroof E
(Fig. 4b), omax (Fig. 5b) andog (Fig. 7b) with increase of
content of certain plasticizers (at small contesiugs) likely
is a result of structure ordering of TPLA. To confi this
assumption (which may turn out to be of practicakiest),
further experimental structure studies are necgssar

It was of particular interest to evaluate the iafine of
plasticizers on the character and rate of biodediaal (only
CPLA systems with limited range of plasticizers w&ver
studied). There are significant visual changes afes.
Even during first week of aging in phosphate bufelution
shrinkage and bleaching of samples can be obseBrathce
of some samples became callous. More likely thsae of it
is the growth of crystallinity of plasticized polam[13].
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There is too little experimental evidence of théeetf of
chemical nature of the plasticizer on the rate of
biodegradation. However, it is obvious that tHiamacteristic
is really important. Biodegradation proceeds fadterthe
range of plasticizers TBC < PEG < TA (Fig.9b). The
degradation rate of TA containing CPLA reaches the
degradation rate of recognized biodegradable starch
biopolymer Biomer (Fig.9b).
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It seems that the ability to affect the biologidaigradation
depends not only on chemical nature of certaintigiasr, but
also on its ability to alter the molecular arrangeinof PLA.
More detailed studies are necessary.

VIII CONCLUSIONS

Cast poly (lactic acid) (CPLA) is nearly amorpharsd at
tensile test temperature, which is more thafC2Below glass
transition temperature, behaves as typical amorplyassy
polymer: shows high strength and elasticity modaind vary
low ultimate elongation. In order to achieve reqdir
deformability of films, necessary for packaging ,uS®PLA
needs to be plasticized. Cast and subsequentlyméigr
treated poly (lactic acid) (TPLA) is highly crydiag. Its glass
transition temperature is about °00 lower. TPLA is less
resistant and much more compliant: shows aboutttimes
smaller value of modulus and more than 30 timeshdrg
ultimate elongation. High deformability of TPLA dsresult of
stress-induced “melting” and subsequent “recryigtibn” of
crystalline regions and their orientation alongstndirection.
A number of mainly branched, ester groups and hgdro
groups containing low molecular compounds of ratierow
range of molar mass were used as plasticizerstid¢tasgy
leads to considerable increase of deformabilityt dalsA.
Significant drop of elasticity modulus, which chetexizes the
resistance of the initial structure of the polyna¢rdow unite
strain values, with growth of plasticizers contenas
observed. Plasticizers effectively reduce the valfiestress
maximum on the stress-strain curves, increase ltimate
tensile elongation and decrease the strength of ACRAll
observed tendencies are the result of greateiseetability of
certain plasticizer to weaken intermolecular boofdgolymer.
The glycerol triacetate (TA) turned out to be a nefficient
plasticizer. Its molecule structure is more similar the
structure of PLA. The consequence of this simyarit the
best compatibility of TA with CPLA.

The influence of plasticizers on the character eateé of
biodegradation was studied. Presence of plastxiamilitates
the degradation process of CPLA in the phosphatéehbu
solution and in soil, as well.
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Zane Grigale, Martins KalninS, Anda Dzene, Velta Tupureina. Biodegradablas pla$ic eétas polilaktida pleves.
Petita vailku at&irigu biolgsiski sadergu estergrupas un hidroksilgrupas saturoSu mazmiakek plastifikatoru (gliceina triaceits,

tributilcitrats, polietienglikols, acetiéts monoglicelds uz Tcindlas tazes) ietekme uz biodegradabla @lgka poliestera polilaktia (PLA)
stipribas-deformavo ipadbu raditajiem stiefg (elastbas modulis, stiepes robezspriegumsk&anas pagarijums u.c.) & an uz biolgiskas
noardiSaras sgju (fosfatu bufer&iduma un augsh). Petjjumos tika izmantoti ples veida PLA paraugi, kas iggatlejot no polilakida un
plastifikatora giduma hloroforra (CPLA), ka an péc tam termiski apsidati paraugi (TPLA). lzmantojot difereritas skejosas
kalorimetrijas (DSC) metodi konséss, ka CPLA ir praktiski amorfs (krigliskuma pakpe negrsniedz 14 %), kaan TPLA — kristlisks
(kristaliskuma pakpe — 45 %).

TPLA ir ieverojami padeigaks: uzida tis reizes maiku elastbas modia \ertibu un 30 reizes ligku trikSanas pagarijuma \ertibu,
saidzinajuma ar CPLA. PlastifieSana izraisa iiisku CPLA deformjamibas (relawa trikSanas pagariijuma) palielimSanos. Elagbas
modua \ertibas samazis, palielinoties plastifikatora saturam. Plastifida efekivi samazina sprieguma maksimumeértibas, vienlaimi
palielinot CPLA tiikS8anas pagariifuma un samazinottstiepes robezspriegumartibas. Konstats, ka glicema triaceits, kura molekulas
strukfira ar visvaifik lidziga polilakidam, ir visefekivakais CPLA plastifikators. Plastifikatorudtbiatne hitiski sekng polilaktida sadaBanos
ka fosfatu bufer&idums, ta af augse.
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3ane I'purane, Mapteinbm Kaunbiibm, Anaa /I3eHe, Beara Tynypeiina. Buopasiaraemble niaacTuGUUHpPOBAHHbIE IJIEHKH
NOJHJIAKTHAA.

W3yueHo BimsHHE psiga OHOJIOTMYECKH COBMECTHMBIX HH3KOMOJICKYJISPHBIX IUIACTH(HKATOPOB, COACPXKAIIMX CIOXHOIGUPHBIE |
THAPOKCHIIbHBIC (DYHKIHOHAIbHBIC IPYIITBI (TPUALIETAT TJIMLEPHHA, TPHOYTHILUTPAT, HOJHITHICHIIIUKOIb, alleTUIIMPOBAHHI MOHOTJIULIEPH/T
Ha 0a3e KacTopoBOro Macia) Ha Je(hOpMAalMOHHO-IPOYHOCTHBIC CBOMCTBA IPU PACTSHKCHHUHM (MOMYJb SJIACTHYHOCTH, MPEAEN MPOYHOCTH,
YIUTMHEHHE NPH pa3pbiBe, HANPSDKEHHS B MAaKCHMyMe U Jp.) U GHopasiaraeMocts (morepu Macchl u GparmeHranus B 6yhepHom docharHom
pacTBope H B MouBe) Gropasiararoiierocs anuparudeckoro nonmdupa — noimnakruaa (PLA). UccienoBanuch mieHouHble o6pasusl PLA,
omuteie u3 pactBopa PLA u mnactudukaropa B ximopodopme (CPLA), a Takxke BHOCIEACTBHH TEPMHUYECKH OOPAbOTAHHBIC MICHOYHBIC
obpasupl (TPLA). Hcnons3ys meron auddepenunansaoii ckanupyromeit kanmopumerpun (ICK), ycranosneno uto CPLA mpakTtuyecku
amop(den (cTemeHb KPUCTAIULTHYHOCTH He mpesbimaer 14 %),B To Bpems kak TPLA — kpucrammuen (crenens kpuctautmgnoctd 45 %).B
cpaBaernu ¢ CPLA, TPLA 3HauuTensHO Oojiee MOAATINB. 0OHApY)KMBACT B TPH pa3a MEHblIee 3HauYeHHue MoayJs saactuunoctd u B 30 pa3
Gosibliice 3HAUCHHUE YUIHHEHHS TpH paspbiBe. [lnactudukanus NIPUBOAUT K CYIIECTBEHHOMY yBenndeHuro aedopmupyemoctn CPLA (pocty
OTHOCHUTENBHO# nedopmaiyu npu paspsise). OOHApyKEHO 3HAUUTEIBHOEC CHI)KCHUE 3HAYCHUIT MOJYJISL SIACTHYHOCTH C POCTOM COJCPIKAHUS
Bcex mactudukaropos. Ilnactudukaropbl 3PGEKTHBHO CHIKAIOT 3HAYCHHS MAaKCHMyMOB HAIpSDKCHHS, BBI3BIBAIOT CYILECTBEHHOEC
YBEJIMYCHHE YIJIMHEHHUS TIPU pa3phiBe, a TaKKe CHIkeHHe npezaena npounoctd CPLA. Tpuanerar rauiepusa, nMeromuii Haunbonee 61n3koe
MOJIMIIAKTUAY CTPOCHHE MOJISKYbl, OKasaics Haubonee ds¢¢exruBHbiM miactudukaropom CPLA. TlpucyrcrtBue mmiacTUGUKAaTOpOB
CYIIECTBEHHO ycKopsieT pasnoxenue PLA kax B OydepHoM pocdaTHOM pacTBope, Tak U B HOUBE.
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