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V IN Y L  A L C O H O L  B IO P L A S T IC  F IL M

4.1 A B S T R A C T
The ring op en in g  p olym erization  o f  lactide w as generated by a continuous  

sin g le-step  reactive extrusion  p rocess in the presence o f  2 -eth y lh exan oic  acid  tin(II) 
salt, รท(O ct)2 , as a catalyst to obtain  high m olecu lar w eigh t p oly lactide (P L A ). For 
good  practical app lications o f  P L A , the so ftn ess o f  the P L A  w as m od ified  v ia  the 
graft cop o lym erization  from  p o ly (e th y len e-co -v in y l a lcoh ol) E V O H , w h ich  is  a b io
com patib le, f lex ib le  and soft random  copolym er. To in vestigate the ch em ica l struc
ture o f  the graft cop o lym er, the products w ere characterized by FTIR. T he results 
sh o w  that the strong absorption em erged at 1740 cm ' 1 in the spectra o f  E V O H -g-  
P L A  and pure P L A  w as identical, w h ich  assign ed  to carbonyl (C = 0 )  in P L A . There
fore, these results cou ld  be confirm ed  that the ring-opening p olym erization  o f  lactide  
w ith  EV O H  b y u sin g  catalytic extrusion  w as carried out su ccessfu lly . Furthermore, 
the E V O H -g-P L A  cop o lym ers gave th e  num ber average m olecu lar w eig h t (M w) 
ranging from 2 4 .5 x l0 4 to 3 6 .6 x l0 4 g /m ol. T he am ount o f  graft cop o lym er and the 
grafting degree sh ow ed  a m axim um  at a catalyst concentration around 0.5 wt% . The 
op tim ized  L A /E V O H  content and the screw  speed  w ere 6 0 /4 0  wt%  and 30  rpm, re
sp ective ly . Furtherm ore, the E V O H -g-P L A  cop olym ers w ere fabricated into b iop las
tic f ilm s by com p ression  m ou ld ing  technique for m orphological study b y  SE M  and 
m ech an ica l testing . The e lon gation  o f  grafted P L A  w ere im proved  sig n ifican tly  co m 
pared to pure P L A . The trad eoff included  the reduction o f  ten sile  strength.

K ey w o rd s: reactive extrusion , p o ly lactid e, ring-open ing p olym erization

4.2  IN T R O D U C T IO N
W orldw ide, the problem s associated  w ith  the production o f  large am ounts 

o f  w aste are recogn ized  as one o f  the m ost serious one has to face in the fo llo w in g  
centuries. In the case  o f  p lastic w a ste  the preferred solution , up to now , is recycling. 
N ev erth eless , degradable m aterials can play an important role to reduce th ese  w aste
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d isp osa l prob lem s [1], P olym ers from  renew able resources have attracted an in creas
ing am ount o f  attention over  the last tw o decades, predom inantly due to  en viron 
m ental concerns. G enerally , polym ers from renew able resources can be c la ssified  
into three groups: ( 1 ) natural polym ers, such as starch, protein and ce llu lo se; (2 ) syn 
thetic polym ers from natural m onom ers, such as polylactide (PL A ); and (3 ) p olym ers  
from  m icrobial ferm entation, such as polyhydroxybutyrate (P H B ) [2].

P oly lactid e (P L A ), a hydrolyzable aliphatic p o lyester know n and used  for a 
lon g  tim e for m edical applications (tissue engineering, bone fixation , and controlled  
drug delivery). P L A  is the one o f  com m ercially  available b iobased  m aterials that 
cou ld  b ecom e a m aterial o f  ch o ice , esp ecia lly  in packaging applications due to its 
go od  clarity, h igh  strength and m oderate barrier properties [3]. PLA  is prepared by  
tw o  w ays, the p olycon d en sation  o f  lactic acid and the ring-open ing p olym erization  
o f  lactide. H igher m olecu lar w eigh t PLA  is usually prepared by rin g-open ing  path
w a y  than p o lycon d en sation  pathw ay [1,4] and cost o f  PLA  is h igh  due to exp en siv e  
lactide. N ev erth eless , P L A  is s t if f  and brittle. The brittleness cau ses a problem  in 
p rocesssib ility  and high crystallin ity  reduces it rates o f  d ecom p osition  [5]. Therefore, 
P L A  needs m od ifica tion  to  m oderately enhance the flex ib ility , im prove the strength  
and p rocessib ility , increase the rate o f  d ecom p osition  for d ecreasing the global 
w arm ing, and reduce the cost.

T o overcom e th ese  lim itations o f  PLA , grafting brittle polym er on c o p o ly 
m ers is o f  great interest for d evelop in g  polym eric m aterials, i.e. grafting co p o ly m eri
zation  o f  P L A  w ith  p o ly (g ly co lic  acid) (P G A ) is a p ossib le  m ethod to enhance the 
rate o f  degradation by disturbing the crystallin ity o f  P L A  [5]. M oreover, the p la stic i
zation  o f  P L A  is a m ethod to im prove the m echanical properties. Starch/PLA  blends  
has focu sed  on  the incorporation o f  dry starch into PLA  to reduce the cost o f  the m a
terial w h ile  m aintaining b iodegradability . B lend ing o f  P L A  w ith  therm oplastic starch 
leads to b lends w ith  greatly im proved  ductility [6 ]. H ow ever, som e p lastic izers lead 
to leak or b loom . In 2 0 0 0 , Jacobsen ร. studied the ring-open ing p olym erization  o f  
lactide by u sin g  catalytic extrusion  w ith  รท(O ct ) 2 as a catalyst. The resulting con ver
sio n  w as 99  %, indicating the com p lete  reaction. T his sin g le-step  reactive extrusion  
p rocess required the shorter tim e to reach this con version  than the case  o f  c la ssica l 
batch p rocess [ 1 ].
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A ll above ideas lead to the purpose o f  this research, the im provem ent o f  
b iop lastic  P L A  by grafting-from  m ethod via catalytic extrusion  w ith  รท(O ct ) 2  as a 
catalyst in order to  m ake the production o f  P L A  econ o m ica lly  v iab le , enhance f le x i
b ility , and increase the degradation rate. E thylene v in yl a lcoh ol cop o lym er (E V O H )  
w h ich  has the reactive hydroxyl groups is a good  backbone u sed  to  initiate the ring
op en in g  p olym erization  o f  lactide. T h is leads to the high m olecu lar w eigh t o f  resu lt
ing polym er b ecau se E V O H  backbone has h igh m olecu lar w eigh t and uses the higher  
content o f  P L A  than backbone to generate the matrix o f  PL A . Furtherm ore, due to 
E V O H  is the m aterial that has w ater resistance, b iodegradability , and good  barrier 
properties, this cou ld  be benefit for the graft cop o lym er to be u sed  in p ack agin g  ap
p lication s.

T hereby, this work is focu sed  on the p rocessin g  param eter w h ich  is the 
screw  speed  in flu en ced  on the reaction  tim e and m ix in g  e ffic ien cy , L A /E V O H  co n 
tent affected  to the m orp h ology  and com p atib ility  b etw een  tw o  com p on en ts, and 
catalyst content gave the high con version  and the outstanding properties o f  resu lting  
products.

4 .3  E X P E R IM E N T A L  

M a te r ia ls
L -lactid e ( (3 S ) -m - 3 , 6 -D im eth y l-l,4 -d io x a n e -2 ,5 -d io n e ) w as purchased  

from B io  Invigor Corporation C o ., Ltd., E thylene V inyl A lco h o l cop o lym er w ith  6 8  

m ol % V in y l A lco h o l C op olym er (E V A L  F I 71 , 1.8 M FI) w a s purchased from  
K urarey., 2 -eth y lh exan oic  acid T in  (II) (รท(O ct)2 ) w as supplied  by S igm a., Z inc  
Stearate (Z n (C i7 H 3 5 C O O )2 ) and C alcium  Stearate (C a(C ]7 H 3 5 C O O )2 ) w ere ordered  
from  Im perial Industrial C hem ical C o ., Ltd.

C hloroform  (C H C I3 ), isopropyl a lcoh ol, and d im ethylform am id e (D M F )  
w ere purchased from  Lab Scan C o ., Ltd.

S y n th e s is  o f  P L A  w ith  E V O H  b y so lu tio n  r in g -o p e n in g  p o ly m er iza tio n
R in g-op en in g  p olym erization  o f  lactide w as conducted  u sin g  stannous oc- 

toate (รท (O ct)2 ) as catalyst. The 10 g EV O H  w as d isso lved  in 4 0  ml toluene and heat
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at 185 ° c .  T his m ixture w as placed in a round bottom  flask , together w ith  15 g lac- 
tide m onom er and solution  o f  0.1 wt% . รท(O ct ) 2  catalyst. The round bottom  flask  
w as sealed  and conditioned  in oil bath kept at a tem perature o f  2 0 0  ๐c  and v igo r
o u sly  shaken until the m onom er w as m elted  and the catalyst was com p lete ly  m ixed  
w ith  the m olten  m onom er. Then the reaction w as operated about 24  h. A fter that the 
reaction w as stopped by q u enching to room  tem perature. The reacted so lu tion  w as  
opaque. The p olym erization  product w as precipitated w ith  d ich lorom ethane for 
chem ical an a lysis by FTIR spectrom eter.

S y n th es is  o f  P L A  w ith  E V O H  by u s in g  B r a b e n d e r  M ix e r  W 50
For r in g-open ing p olym erization , the m ixture o f  lactide m on om er (5 0  wt% ) 

and EV O H  (50  wt% ) m ixed  w ith  0.1 wt%  o f  รท(O ct ) 2  and 5 wt% o f  Zn/C a stearate 
stabilizer w as p laced  in the cham ber used  as p olym erization  reactor and purged w ith  
N 2 gas. Firstly, 25 g E V O H  and รท(O ct ) 2  w ere added to the cham ber and m ix ed  for 3 
m in. Then the 25  g lactide and 2.5 g Zn/C a stearate (5 0 /5 0  wt% ) w ere added and 
m ixed  further for 30  m in. The operating tem peratures w ere varied at 1 8 5 , 195, and 
205 ° c .  The rotor speeds w ere m aintained at 40  and 60  rpm. T he crude graft c o 
p olym er w as characterized for chem ical an a lysis by FTIR spectrom eter.

S y n th es is  o f  P L A  w ith  E V O H  by u s in g  tw in -screw  ex tr u d e r
For reactive extrusion  p olym erization , the lactide m onom er and E V O H  are 

used  as received  w ithout further purification. A  m ixture o f  lactide, E V O H , 0.1 wt%  
o f  รท(O ct ) 2 catalyst, and 5 wt%  o f  Zn/C a stearate stab ilizer were shaken by pow der  
m ixer. The prepared m ixture is transferred into a C o llin  D -8 0 1 7  T 2 0  co-rotating  
tw in -screw  extruder, having a screw  diam eter o f  25 m m  and a L /D  ratio 30, as p o 
lym erization  d ev ice . The tem peratures w ere set from hopper to d ie as 80 , 160, 190, 
22 0 , 2 2 0 , and 2 2 0  ° c ,  resp ectively . The p olym er is extruded through a round d ie and 
p elletised . The screw  speed  (30 , 4 0 , 50 , and 60  rpm), L A /E V O H  content (5 0 /5 0 , 
6 0 /4 0 , 7 0 /3 0 , and 80 /2 0  w t% ), and catalyst content (0 .1 , 0 .3 , and 0 .5  wt% ) are var
ied. The crude graft cop o lym er w as characterized by FTIR, D S C , T G A , X R D , D M A , 
and tensile  testing .
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S o x h le t  ex tra c tio n
The resu lting p olym ers obtained from the reactive extrusion w ere purified  

by extraction w ith  isopropyl a lcohol at the tem perature o f  about 183 ° c  for 3 h or 
w ith  chloroform  at the tem perature about 160 ๐c  for 3 h. A fter that the resu lting  
y ie ld s w ere dried in vacu u m  oven  at the tem perature o f  85 ๐c  for the extracted p o ly 
m er w ith  isopropyl a lcoh ol and 60  ° c  for the extracted p olym er w ith  chloroform . 
Then the extracted p o lym ers w ere characterized by FTIR spectrom eter and N M R  for 
studying the ch em ica l structure and calcu lating the am ount o f  the graft cop o lym er  
and h om opolym er, con version , and degree o f  grafting.

P rep a r a tio n  o f  b io p la s t ic  film s
The crude p olym ers obtained from bulk tw in  screw  extruder w ere prepared  

into thin film  w ith  0.35 m m  thickness by usin g a Labtech com p ression  m ou ld ing  
m achine w ith  preheating for 5 m in, fo llo w ed  by heating for 20 m in at a force o f  25 
kN . The operating tem peratures o f  m ould w ere m aintained at 200 °c and co o led  
dow n to room  tem perature. Then these thin film s w ere used, to study the co lor in ten
sity. M oreover, the crude p olym ers w ere prepared into the sheet o f  3 mm  th ick n ess  
by u sin g  a L abtech com p ression  m ould ing m achine w ith  the m ethod w h ich  w as  
sim ilar to the form er m ethod. A fter that, these sh eets w ere cut into dum bbell-shape  
for in vestigatin g  the ten sile  properties and bar-shape for in vestigatin g  the d yn am ic-  
m echanica l property.

P h y s ica l M e a su r e m e n ts
D S C  an alyses w ere carried out by u sin g  a Perkin-E lm er D S C  7 instrum ent. 

The sam p les w ere first heated from - 2 0 ° c  to 2 0 0  ๐c  and coo led  d ow n  w ith  a f lo w  
rate o f  10 m l/m in . The sam p les w as then reheated to 2 0 0 ° c  at the sam e rate.

X -ray d iffraction  profiles w ere m easured on a R igaku M od el D m ax 2 0 0 2  
diffractom eter w ith  N i-filtered  Cu K a radiation operated at 4 0  k v  and 30  m A . The 
film  sam p les w ere ob served  on the 2 0  range o f  2 -3 0  degrees w ith a scan speed  o f  2 
d egrees/m in  and a scan step  o f  0 . 0 2  degrees.
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D M A  an alyse w ere carried out by usin g a d yn am ic-m ech anical analyzer  
G A B O  E P L E X O R  Q C  2 5  instrum ent. The sam ples w ere 13  mm  X 5 5  m m  X 3  m m  
(w id th  X length X th ick ness). The testing tem perature w as - 3 0  to 1 0 0  ° c ,  1 0  H z for 
frequency . Static and d ynam ic strains w ere 3 % and 1.5 %, resp ectively . T he tension  
m od e w as used.

T G -D T A  curves w ere co llected  on a Perkin-E lm er Pyris D iam ond  T G /D T A  
instrum ent. The sam p les w ere loaded on  the platinum  pan and heated from  5 0 ° c  to  
5 5 0  °c at a heating rate o f  10 ° c /m in  under N2 f lo w  o f  100 m L/m in.

Scanning electron  m icro scop y  w as perform ed on JEOL J S M -5 410  M odel 
to ob serve the m orp h ology  o f  the sam ples. The extrudates obtained from  tw in -screw  
extruder w ere broken in liquid  nitrogen. A ll o f  the sp ecim en s w ere coated  w ith  gold  
under vacuum  before observation  to m ake them electrica lly  con d u ctive.

G el P erm eation Chrom atography (G PC ) Shim adsu M odel 'was carried out 
in  D M F  so lven t as the m ob ile  phase u sin g  K D -80 6  M colu m n  and R ID -1 0 A  d etec
tor. The D M F  so lven t w as filtrated w ith  M N  615  0  155 m m  filter paper under the 
vacu u m . The crude p olym ers w ere d isso lved  in D M F at the concentration  0 .5  wt%  
and filtrated w ith  0 .45  mm  diam eter o f  ce llu lo se  acetate filter before in jecting into  
the co lu m n. The con d ition s o f  this m achine w ere 40 -8 5  °c colum n tem perature, 1 
m l/m in  f lo w  rate, and 30  m in  run tim e. M olecu lar w eigh t and m olecu lar w eig h t d is 
tribution o f  PL A  w ere calcu lated  in reference to a polystyren e calibration.
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Retention time (min)

F ig u re  4 .3 .1  The p olystyren e calibration for the calcu lation  o f  m olecu lar w eigh t. 

C h e m ic a l A n a ly sis .
Infrared spectra o f  E V O H -g-P L A  copolym ers w ere recorded on a N ico le t  

N ex u s  6 7 0  FT-IR spectrom eter in the frequency range o f  4 0 0 0 -4 0 0  cm " 1 with- 32 
scans at a resolu tion  o f  4  cm '1. S am p les w ere prepared by castin g  0 .05  wt% ch loro
form so lu tion s on  K Br p elle ts, fo llo w ed  by vacuum  drying at 50  ๐c  for 48 h. The 
presenting the c = 0  groups in LA ring is investigated  and the con version  is ca lcu 
lated by u sin g  FTIR.

c =  1 -  ([L A ]/[L A ]o)
w here [L A ] is the am ount o f  residual lactide and [LA]o is the am ount o f  initial lac-  
tide.
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Figure 4.3.2 The calibration curve for the calculation o f lactide conversion.

In addition, the degree o f grafting is calculated by using FTIR. Infrared 
spectra o f isopropyl alcohol extracted EVOH-g-PLA copolymers were recorded on a 
Nicolet Nexus 670 FT-IR spectrometer in the frequency range o f 4000-400 cm ' 1 with 
32 scans at a resolution o f 4 cm'1. Samples were prepared by casting 0.05 wt% chlo
roform solutions on KBr pellets for 0.1 ml, followed by vacuum drying at 50 ° c  for 
48 h. The presenting the OH groups is investigated.

Grafting degree (%) = (1 -  (mole o f OHr/mole o f OHj))xl00 
where OHr was the residual O-H group after extraction with isopropyl alcohol and 
OHj was the initial O-H group before extraction with isopropyl alcohol.
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O H  ( m o le )

Figure 4.3.3 The calibration curve for the calculation o f grafting degree.

'h  NMR measurement, the samples were dissolved in DMSO-dô in 5 mm 
NMR tubes at room temperature. The sample concentration was about 1.0 % by 
weight. NMR spectra were recorded on a Varian XL-300 NMR spectrometer work
ing at 300.032 MHZ for protons.

Mechanical Testing
The tensile properties were tested by using an Instron 4206 Universal Test

ing Machine with cross-head speed o f 50 mm/min. The samples were in the dumb
bell-shape. The size o f sample specimen was 13 mm width o f narrow section, 90 mm 
length o f narrow section, and 3 mm thickness.
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4.4 RESULTS AND DISCUSSION

Characterization of EVOH-g-PLA obtained from solution polymerization

4.4.1 Chemical analysis
Figure 4.1 shows FTIR spectra o f EVOH-g-PLA (50/50 wt% 

LA/EVOH content, and 0.1 wt% catalyst) synthesized by solution polymerization in 
comparison with the spectra o f  EVOH. The strong absorption of the peak at 1740 
cm ' 1 assigned to (C =0) carbonyl group of branched PLA as a result o f grafting. This 
indicated that the ring-opening polymerization o f lactide by using the reactive hy
droxyl group (-OH) o f EVOH and รท(Oct)2 as a catalyst was possible in solution po
lymerization.

Figure 4.1 FTIR spectra o f EVOH and EVOH-g-PLA (50/50 wt %) obtained from 
solution polymerization.

Characterization of EVOH-g-PLA obtained from brabender mixer

4.4.2 Fusion behavior
Figures 4.2, 4.3, and 4.4 showed the evolution o f torque and tempera

ture as a function o f time for different rotor temperatures and rotor speed. The melt
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ing process corresponded to the first peak o f the torque histogram. The maximum 
torques observed at the temperature o f about 185 ๐c  and the rotor speed o f about 40 
and 60 rpm were 39 and 60 Nm respectively (Figure 4.2). The maximum torques o f  
the resulting polymers operated at the temperature o f about 195 °c and the rotor 
temperature o f about 40 and 60 rpm were 44 and 44.5 Nm respectively (Figure 4.3). 
Finally, the maximum torques o f the resulting polymers operated at the temperature 
o f about 205 ๐c  and the rotor temperature o f about 40 and 60 rpm were 49 and 50 
Nm, respectively (Figure 4.4). The torque value then went down quickly to zero. A 
maximum value was reached after 2 min. It started to increase after 12 min, indicat
ing that the polymerization o f lactide proceeded. A maximum value was reached af
ter about 18 min o f mixing. These values were very low because o f low viscosity o f  
the mixtures, especially the monomer. For the reaction operated at 205 °c (Figure
4.4), the polymers were degraded before the polymerization was finished. On the 
hand, by considering reaction temperature, it follows that after adding cool EVOH 
and monomer, temperature decreases and then raises up after 4 min, approximately. 
By increasing screw speed, temperature rising shifts to start at slightly longer time. 
This suggests that reaction is readily occurred and may take about 12-18 min to fin
ish. The effect o f screw speed at 185 °c on final viscosity is hardly seen since the 
final reaction torques and temperature for both speeds are not significantly different. 
Thus, the extent o f reaction by both rotor speeds could be similar. Flowever, at 
higher temperature 195 and 205 ๐c ,  it is likely that lower speed 40 rpm induces more 
increase in torque and temperature, suggesting more extent o f reaction than 60 rpm 
rotor speed.

The results in Figures 4.2 and 4.3 showed that the ring-opening po
lymerization o f lactide monomer could be completely generated in the brabender 
mixer at overall o f these studied conditions. This was confirmed by FTIR spectra 
(Figure 4.6). The maximum torques o f resulting polymers were not much higher than 
that o f the rotor in brabender mixer could stand. Flowever, the appearance o f the re
sulting polymers was different especially in their color shown in Figure 4.5. The 
color o f the polymers generated at the temperature o f 205 ๐c  was dark yellow, 
whereas that o f the polymers generated at the temperature less than 200 °c was
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rather white. This reveals that the operating temperature higher than 200 ๐c  causes 
the degradation of these resulting polymers.

0 6 12 18 24 30 36
Time (min)

(a)

Temp (๐C)

Figure 4.2 Fusion behavior o f crude EVOH-g-PLA (50/50 wt%) in the presence o f  
0.1 wt% รท(Oct)2 catalyst and 5 wt% Zn/Ca stearate stabilizer operated at 185 °c of 
chamber temperature and the rotor speed at (a) 40 rpm and (b) 60 rpm.
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Figure 4.3 Fusion behavior o f crude EVOH-g-PLA (50/50 wt%) in the presence o f 
0.1 พt% รท(Oct)2 catalyst and 5 wt% Zn/Ca stearate stabilizer operated at 195 °c o f  
chamber temperature and the rotor speed at (a) 40 rpm and (b) 60 rpm.
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Figure 4.4 Fusion behavior o f crude EVOH-g-PLA (50/50 wt%) in the presence o f 
0.1 พt% รท(Oct)2 catalyst and 5 wt% Zn/Ca stearate stabilizer operated at 205 °c o f  
chamber temperature and the rotor speed at (a) 40 rpm and (b) 60 rpm.
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Figure 4.5 The appearance o f crude EVOH-g-PLA synthesized by using a brabend- 
er mixer with 50/50 LA/EVOH content (wt%), catalyzed with 0.1 wt% รท(Oct)2 and 
stabilized with 5 wt% Zn/Ca stearate at 40 rpm rotor speed (a) 185 °c, (b) 195 °c, 
and (c) 205 °c rotor temperature and 60 rpm rotor speed (d) 185 °c, (e) 195 °c, and 
(f) 205 °c.

4.4.3 Chemical analysis
FTIR spectra o f EVOH, LA and crude EVOH-g-PLA (50/50 wt%) 

obtained from brabender mixer are shown in Figure 4.6. Compared the spectrum o f  
EVOH with crude EVOH-g-PLA at both 185 and 195 ๐c  varied rotor temperatures, 
the strong absorption emerged at 1740 cm ' 1 in the spectra o f both o f crude EVOH-g- 
PLA and PLA homopolymer , assigned to carbonyl (C =0) in branched PLA as a re
sult o f the grafting and PLA homopolymer. The 1188 and 1215 cm ' 1 doublets ob
served in the crude polymer are assigned to the symmetric C -O -C  stretching modes 
o f the ester group. There are two other peaks at 1130 and 1045 cm ' 1 attributed to the 
methyl rocking and C-CH3 stretching, vibration, respectively. These results could be 
concluded that the ring-opening polymerization o f lactide and grafting from EVOH 
were generated in the brabender mixer at both rotor temperatures.
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Figure 4.6 FTIR spectra o f EVOH and crude EVOH-g-PLA (50/50 wt%) obtained 
from brabender mixer at 40 rpm rotor speed.

Characterization of EVOH-g-PLA obtained from twin-screw extruder

4.4.4 The Amount o f Graft Copolymer
After purification by using soxhlet extraction with chloroform, the 

amount o f EVOH-g-PLA copolymer was calculated by using following equation and 
shown in Table 4.1.

Grafting content = Weight o f insoluble product (g)/weight o f crude product (g) (1)
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Table 4.1 The amount o f graft copolymer and homopolymer o f PLA after extraction 
crude graft copolymer with chloroform

Composition (%)

Samples Graft copolymer 
(Insoluble part)

Homopolymer 
(Soluble part)

LA/EVOH content (wt%)
(0.1 wt% catalyst)

40 mm
50/50 74.72 23.30
60/40 77.54 20.36
70/30 46.45 32.25
80/20 13.86 73.93

30 rom
60/40 57.99 28.11
70/30 60.36 23.96
80/20 4.68 61.54

Screw Speed (rpm)
(60/40 wt% LA/EVOH, 0.1 wt% catalyst)

30 57.99 28.11
40 77.54 20.36
50 59.91 24.88
60 42.22 29.02

Catalyst Content (wt%)
(60/40 wt% LA/EVOH, 30 rpm)

0.1 57.99 28.11
0.3 70.22 24.61
0.5 75.68 0.19
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Table 4.1 shows the dependence o f grafting content on LA/EVOH 
contents, catalyst contents, and screw speeds. Increase in LA/EVOH contents re
sulted in the reduction o f the content o f graft copolymer which related to the amount 
o f free hydroxyl groups in the EVOH backbone [5] and viscosity o f lactide and 
EVOH. In this case, the LA/EVOH content at 60/40 wt% gave the highest yield of 
graft copolymer. The graft copolymer contents varied with the screw speeds and 
catalyst contents are less significant on grafting content than LA/EVOH contents. 
Varying screw speed alters the grafting content between 42-77 % while increasing 
catalyst content leads to enhancing grafting content from 58-77 %. An optimum is at 
screw speed 40 rpm. When increased the screw speeds from 30 to 60 rpm, the yield 
o f  graft copolymer decreased. The remaining residence time inside the twin-screw 
extruder decreased with increasing screw speed, as a result, the reaction time could 
be too short to complete the reaction [1], Moreover, increasing the catalyst content 
from 0.1 to 0.5 wt%, the yield o f graft copolymer increased and increased up to 76 % 
in the case o f 0.5 wt% catalyst content. Noticeably, from Table 4.1, there is another 
component, Which was the difference between 100 % o f all compositions and the 
combination o f the component o f graft copolymer and homopolymer, estimating the 
amount o f graft copolymer that adhered in the timple. This is the error in the extrac
tion.

4.4.5 Yield o f reacted EVOH
After extraction the crude sample with isopropyl alcohol to remove 

non-reacted EVOH, % yield o f all products was calculated by using following equa
tion and shown in Table 4.2.
% yield = [Weight o f insoluble product (g)/Weight o f crude product (g)] X 100 (2)
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Table 4.2 % yield o f reacted EVOH after extraction the crude sample with isopro
pyl alcohol

Samples % Yield (by weight) of 
reacted EVOH 
(Insoluble Part)

LA/EVOH content (wt %)
(0.1 wt% catalyst)

40 mm
50/50 31.7
60/40 37.4
70/30 31.3

.80 /20 32.0
30 mm
60/40 46.0
70/30 40.5
80/20 50.8

Screw speed (rpm)
(60/40 wt% LA/EVOH, 0.1 wt% catalyst)

.30 46.0
40 37.4
50 41.0
60 42.0

Catalyst Content (wt%)
(60/40 wt% LA/EVOH, 30 rpm)

0.1 46.0
0.3 44.1
0.5 56.7
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However, isopropyl alcohol can dissolve the graft copolymer except 
non-reacted EVOH. The evidence could be seen from the FTIR spectra that showed 
the absorption peak o f carbonyl group of PLA in the extracted sample (Figure 4.7). 
Therefore, the yields o f EVOH-g-PLA may be underestimated. But at 80/20 wt% 
LA/EVOH content the yield o f reacted EVOH could be overestimated due to the 
homopolymer content. From Table 4.2, it also suggests that among three parameters 
the effect o f LA/EVOH content is more significant on grafting content or % yield o f 
reacted EVOH than screw speed and catalyst content.

Figure 4.7 FTIR spectra o f soluble part after extraction crude graft copolymers with 
isopropyl alcohol.

4.4.6 Chemical analysis
In Figure 4.8, compared the spectrum o f EVOH with graft copolymer 

obtained .from the catalytic extrusion, the absorption emerged at the same peak as the 
FTIR spectra in Figure 4.5 which is the FTIR spectra o f graft copolymer obtained 
from brabender mixer. The absorption peak at 935 cm' 1 which is the characteristic o f 
lactide ring was observed in the spectra o f graft copolymer but its intensity was 
much lower than its intensity in the spectra o f lactide. This meant that high amount 
o f lactide was converted to PLA by using catalytic extrusion with Sn(Oct)2 as a cata
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lyst. Moreover, the intensity o f the peak around 3400 cm ' 1 in the spectra o f graft co
polymer was lower than that in the spectra o f pure EVOH, indicating the grafting- 
from by using reactive functional group (-OH group) o f EVOH was generated in the 
catalytic extrusion. All o f these results can be confirmed that the hydroxyl groups of 
EVOH and รท(Oct)2 are used to initiate the ring-opening polymerization o f lactide 
by using the catalytic extrusion.

W a v e n u m b e r  ( c m '1)

Figure 4.8 FTIR spectra o f EVOH, lactide, and isopropyl alcohol extracted EVOH- 
g-PLA (50/50 wt%) obtained from twin-screw extruder at 40 rpm screw speed with 
0.1 wt% catalyst content.

]H NMR spectra o f the isopropyl alcohol extracted EVOH-g-PLA in 
DMSO-dô (Figure 4.9), which synthesized from 50/50 LA/EVOH content (พt%), 
catalyzed with 0.1 wt% รท(Oct)2 and stabilized with 5 wt% Zn/Ca stearate by using 
the catalytic extrusion at 40 rpm, was shown with its structure and characteristic 
peaks. Typical signal o f PLA and EVOH components were observed. Signals at 1.2 
(-CH3, a), 5.15 (-CH, b), and 4.14 ppm (-OH, c) were assigned to PLA [4]. Signals at
5.0 ppm (-CH, d) and 1.2 ppm (-CH2, e) assigned to EVOH backbone. Moreover, the 
intensity o f signal at 4.05 ppm (-OH) assigned to the terminal hydroxyl group of 
EVOH was significantly low. This meant that the grafting reaction was generated 
and the degree o f grafting was very high.
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Figure 4.9 'h  NMR spectra o f the isopropyl alcohol extracted EVOH-g-PLA syn
thesized from 50/50 LA/EVOH content (wt%), catalyzed with 0.1 wt% รท(Oct)2 and 
stabilized with 5 wt% Zn/Ca stearate by using the catalytic extrusion at 40 rpm.

Lactide (LA) conversion was calculated from the FTIR spectrum of 
the cast film on KBr pellet. A calibration plot o f [LA] versus A935 was established, 
where A 935 is the absorptions o f the bands 935 cm"1. The absorption band at 935 cm 
is characteristic o f LA [1], Practically, monomer conversion (c) was calculated on 
the following equation:

c = 1 -  ([LA]/[LA]o) (3)

where
A 935/ A 1450 291 .03[L A ]- 0.4076 (4)
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Table 4.3 Lactide conversions synthesized by using a catalytic extrusion polymeri
zation process, catalyzed with 0.1 wt% รท(Oct)2 and stabilized with 5 wt% Zn/Ca 
stearate

Samples Lactide Conversion (%)
LA/EVOH Content (wt %)

(0.1 wt% catalyst)
40 rpm
50/50 9 9 . 6 6

60/40 99,22
70/30 99.45
80/20 99.65

30 rpm
60/40 99.38
70/30 99.56
80/20 99.75

Screw Speed (rpm)
(60/40 wt% LA/EVOH, 0.1 wt% catalyst)

30 99.38
40 99.22
50 98.96
60 98.65

Catalyst Content (wt%)
(60/40 wt% LA/EVOH, 30 rpm)

0.1 99.38
0.3 99.56
0.5 99.75
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In table 4.3, the lactide conversion o f all cases was higher than 98.7 
%, shows that in all cases the ring-opening polymerization o f  lactide has been fin
ished by using reactive extrusion with รท(Oct)2 as a catalyst.

Lactide conversion was shown with various LA/EVOH contents 
(wt%), screw speeds (rpm), and catalyst contents (wt%) in Figure 4.10. Increase in 
LA/EVOH contents resulted in the reduction in the lactide conversion. Due to the 
increase in the amount o f monomer at constant catalyst content and screw speed 
which related to the residence time affected to the reaction time of monomer. The 
lactide conversion decreased with increasing screw speed because o f the short time 
for the reaction. For the effect o f the catalyst content, the reactivity o f the polymeri
zation increased with the catalyst content. Therefore, the lactide conversion in
creased with increasing the catalyst content.

(a) 0.1 wt% รท(Oct)2 and 30 and 40 rpm screw speed
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(b) 60/40 wt% LA/EVOH and 0.1 wt% รท(Oct)2

(c) 60/40 wt % LA/EVOH and 30 rpm screw speed

Figure 4.10 Lactide conversion as the function of (a) LA/EVOH content (wt%), (b) 
screw speed (rpm), and (c) catalyst content (wt%).

Grafting degree (%) was calculated from the FTIR spectrum o f the 
cast film on KBr pellet (Figures 4.11). The absorption band at 3400 cm ' 1 corresponds 
to O-H stretching o f alcohol group in EVOH. For the resulting polymers obtained 
from the catalytic extrusion, the concentration of O-H group in EVOH backbone was
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certainly decreased compared to initial concentration. Practically, grafting degree 
(%) was calculated on the following equation:

Grafting degree (%) = (1 -  (mole o f OHr/mole o f OHj))xlOO (5) 
A3400/A 1450 = (2 x l0 8)(mole o f OH) -  0.0454 (6)

where OHr was the residual O-H group after extraction with isopropyl alcohol and 
OHj was the initial O-H group before extraction.

Wavenumber (cm'1)

(a) o.l wt% รท(Oct)2 and 40 screw speed
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Wavenumber (cm'1)

(b) 0.1 wt% รท(Oct)2 and 30 screw speed

Wavenumber (cm'1)

(c) 60/40 wt% LA/EVOH and 0.1 wt% รท(Oct)2
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Wavenumber (cm 1)

(d)-60/40 wt% LA/EVOH and 30 rpm screw speed

Figure 4.11 FTIR spectra o f EVOH and isopropyl alcohol extracted EVOH-g-PLA 
(Insoluble part) with varied (a) LA/EYOH content (พt%), (b) screw speed (rpm), (c) 
catalyst content (wt%) synthesized by using a catalytic extrusion polymerization 
process.

Table 4.4 Grafting degree o f extracted EVOH-g-PLA synthesized by using a cata
lytic extrusion polymerization process

Samples Grafting (%)
LA/EVOH ratio (wt%)

(60/40 wt% LA/EVOH, 0.1 wt% catalyst)
40 rpm
50/50 84.70
60/40 82.31
70/30 61.85
80/20 45.17
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30 iron
60/40 81.40
70/30 51.13
80/20 62.12

Screw Speed (rpm)
(0.1 wt% catalyst)

30 81.40
40 82.31
50 73.16
60 63.15

Catalyst Content (wt%)
(60/40 wt % LA/EVOH, 30 rpm)

0.1 81.40
0.3 81.16
0.5 84.44

In Table 4.4, the influence o f LA/EVOH content, the extruder screw 
speed, and catalyst content on the grafting degree is shown. According to the graft
ing degree o f the copolymers with varied LA/EVOH content, it showed that the 
grafting degree dropped with increasing the LA/EVOH content. The screw speed 
was varied between 30, 40, 50, and 60 rpm and 60/40 LA/EVOH content (wt%) has 
been used. Raising the screw speed from 30 to 60 rpm reduced the degree o f graft
ing. The reason for this behavior is, as the remaining residence time inside the twin- 
screw extruder decreased with increasing screw speed, which resulted in a grafting 
reaction not finished at the extruder die. Therefore, the optimum screw speed was 40 
rpm for this case. Finally, varying the catalyst content, the grafting degrees were in 
the same level. This meant that the catalyst content did not significantly affect to the 
grafting degree o f graft copolymer.
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4.4.7 Molecular weight measurement
Molecular weight and molecular weight distribution o f the resulting 

polymers was measured by using the gel permeation chromatography (GPC). GPC 
was carried out in DMF using a DMF column with a reflactometer index detector. 
Molecular weight and molecular weight distribution o f these polymers were calcu
lated in reference to a following polystyrene calibration:

log M = -0.85277955t + 13.00123578 (7)

ector Response

Retention Time (min)

4 5 6
log M

Figure 4.12 GPC curve for isopropyl alcohol extracted EVOH-g-PLA with 70/30 
wt% LA/EVOH content, 0.1 wt% รท(Oct)2, 5 wt% Zn/Ca stearate, and 30 rpm screw 
speed.



Table 4.5 Molecular weight and molecular weight distribution of isopropyl alcohol
extracted EVOH-g-PLA synthesized by using a catalytic extrusion polymerization
process

Samples Mw xio4 
(g/mol)

Mn xio4 
(g/mol)

Mw/M„

Commercial PLA 9.11 16.4 1.8

Commercial EVOH 10.7 5.7 1.9
LA/EVOH Content (wt%)

40 mm
50/50 36.6 36.2 1.0
60/40 32.0 16.0 2.0

70/30 29.5 16.0 1.8

80/20 24.8 . , .1 2 .9 1.9
30 mm
60/40 27.8 14.4 1.9
70/30 24.5 14.4 1.7
80/20 28.4 15.4 1.8

Screw Speed (rpm)
30 27.8 14.4 1.9
40 32.0 16.0 2.0

50 27.4 14.8 1.9
60 27.5 18.1 1.5

Catalyst Content (wt%)
0.1 27.8 14.4 1.9
0.3 31.0 16.5 1.9
0.5 29.0 15.4 1.9
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Weight average molecular weight (Mw), molecular weight distribution 
(MWD), and degree o f grafting as a function o f LA/EVOH content are shown in Fig
ure 4.13 (a) and (b). Raising in the LA/EVOH content from 50/50 to 80/20 wt% de
creased the degree o f grafting at the same 40 rpm screw speed. In Figure 4.13 (a), it 
meant that 40 rpm screw speed did not give enough residence time for high mono
mer content. For the experiment carried out at fixed 30 rpm, the grafting degree with 
increasing the LA/EVOH content which was the same as the case o f 40 rpm. How
ever, in this case, it was clearly seen that the weight average molecular weight de
creased as a function o f LA/EVOH content. Moreover, the molecular weight distri
bution was smaller than 2. This showed that the degradation reaction or chain scis
sion have been very limited, which is due to the use o f Ca/Zn stearate as stabilizing 
agent.

A set o f experiment was used to determine the influence o f the ex
truder screw speed on the resulting polymer parameters (Figure .4.14). This experi
ment was carried out using 60/40 wt% LA/EVOH content. The screw speed was var
ied between 30, 40, 50, and 60 rpm. Raising the screw speed reduced the degree o f  
grafting. For the effect o f the screw speed on the molecular weight and the molecular 
weight distribution, two main influences can be described. First, increasing screw 
speed leads to reduced residence time, which in turn should reduce the molecular 
weight and enhanced the molecular weight distribution. Second, the higher screw 
speed increased the degree o f mixing and the shear introduction into the melt, which 
in turn increased the rate o f reaction, favoring degradation and side reactions to en
hance the molecular weight distribution [1]. In this case, the fusion behavior o f prod
ucts obtained from brabender mixer particularly in the case o f 205 ๐c  rotor tempera
ture suggested that the effect o f residence time is more significant than the effect o f 
shearing. The reaction o f 50/50 wt% LA/EVOH content operated at 40 rpm rotor 
speed started after 6 min (Figure 4.15 (a)), whereas the reaction operated at 60 rpm 
rotor speed started after 18 min (Figure 4.15 (b)). This showed that the case o f 60 
rpm rotor speed, which generated larger torque and introduced higher shear in com
parison with 40 rpm rotor speed, used longer time to succeed the reaction. In addi
tion, the temperature was not significantly increased with time due to no change in 
viscosity o f the melt.
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In Figure 4.15, the catalyst concentration increased the degree o f 
grafting due to high concentration o f catalyst can improve the reactivity o f the reac
tion. For the molecular weight o f the resulting polymers, the catalyst concentration 
about 0.3 wt% gave the highest molecular weight. Even though, the molecular 
weight o f the resulting polymer catalyzed with 0.3 wt% stannous octoate was not 
much higher than that o f the resulting polymer catalyzed with 0.1 wt% stannous oc
toate. Therefore, the catalyst concentration about 0.1 wt% was enough for this case.

(a)
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(b)

Figure 4.13 Molecular parameters o f isopropyl alcohol extracted EVOH-g-PLA re
ceived in reactive extrusion polymerization with 60/40 wt% LA/EVOH, 0.1 wt% 
รท(Oct)2, and 5 wt% Zn/Ca stearate in dependence o f LA/EVOH content at (a) 40 
rpm and (b) 30 rpm screw speed.
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Figure 4.14 Molecular parameters o f isopropyl alcohol extracted EVOH-g-PL 
ceived in reactive extrusion polymerization with 60/40 wt% LA/EVOH, 0.1 
รท(Oct)2, and 5 wt% Zn/Ca stearate in dependence o f the screw speed.

Figure 4.15 Molecular parameters o f extracted EVOH-g-PLA received in reactive 
extrusion polymerization with 60/40 wt% LA/EVOH, 30 rpm screw speed, and 5 
wt% Zn/Ca stearate in dependence o f the catalyst content.
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4.4.8 Thermal analysis
To determine the thermal behavior o f the graft copolymers DSC 

measurements have been carried out. Results o f crude EVOH-g-PLA produced in a 
reactive extrusion polymerization are shown in Figure 4.16. The samples have been 
heated to 200 ๐c  and cooled to 30 ๐c. Following this, they were heated from 30 ๐c  
to 200 °c with a constant heating rate o f 10 K/min. The glass-transition temperature 
o f graft copolymers was lower than that o f pure EVOH, indicating the decrease in 
rigidity. Moreover the curves displayed only glass transition. The melting peaks 
were not observed. This shows that the grafting obstructed the crystallization.

T e m p e ra tu r e  (°C )

Figure 4.16 DSC-measurement o f crude EVOFI-g-PLA produced in reactive extru
sion polymerization with 0.1 wt% รท(Oct)2, 5 wt% Zn/Ca stearate, and 40 rpm screw 
speed in dependence o f LA/EVOH content. First heating and cooling at 10 K/min 
heating rates.
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T e m p e r a tu r e  (°C)

Figure 4.17 DSC-measurement o f crude EVOH-g-PLA produced in reactive extru
sion polymerization with 60/40 wt% LA/EVOH content, 0.1 wt% Sn(Oct)2, and 5 
wt% Zn/Ca stearate in dependence o f  screw speed. First heating and cooling at 10 
K/min heating rates.

The results o f XRD (Figure 4.18 and 4.19) confirm the thermal and 
crystallization behavior o f graft copolymer. Pure PLA exhibits a broad crystalline 
peak at 16.6° 29, whereas pure EVOH exhibits a very strong crystalline peak at 
20.5° 20. For the curves o f graft copolymer, they had the same peak positions at 20° 
20 and all o f the peaks were short and broad. The comparison o f X-ray diffraction 
profile o f pure PLA, pure EVOH, and graft copolymers indicated that the grafting 
had destroyed the original crystallization o f pure PLA and changed the original mo
lecular structure o f pure EVOH.
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Figure 4.18 XRD patterns, o f  crude EVOH-g-PLA produced in reactive extrusion 
polymerization with 0.1 wt% รท(Oct>2, 5 wt% Zn/Ca stearate, and 40 rpm screw 
speed in dependence o f LÀ/EVOH content.

2 Theta (Degree)

Figure 4.19 XRD patterns o f  crude EVOH-g-PLA produced in reactive extrusion 
polymerization with 60/40 wt% LA/EVOH content, 0.1 wt% Sn(Oct)2, and 5 wt% 
Zn/Ca stearate in dependence o f screw speed.
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The TG-DTA curves o f crude EVOH-g-PLA are shown in Figures 
4.20, 4.21, and 4.22 and some results o f thermal properties are listed in Table 4.6. 
From TGA curve, it could be seen that 2-6 % weight loss in the temperature range o f  
50-200 ๐c  is due to the evaporation o f absorbed water and loss o f some products on 
the surface and in the temperature range o f 500-550°c, the loss o f the stabilizer 
caused about 10 % weight loss. Moreover, for the resulting polymers, there were two 
main mass loss steps, the first step due to the weight loss o f PLA component, which 
was the major component, was observed at the temperature range o f 241-278 ๐c. 
The other step was attributed to EVOH component, which was the minor compo
nent, from 408-419 °c. Compared to the curves o f pure polymers, the thermal de
composition temperature o f PLA and EVOH was 327.1 and 341.0/425 °c, respec
tively. All graft copolymers showed that the thermal decomposition temperatures o f  
the PLA component appear to be lower when compared to the pure PLA and the 
thermal decomposition temperatures o f the EVOH component appear to remain only 
high temperature component (ethylene component) compared to the pure EVOH. 
This could be indicated that the thermal degradation efficiency o f the resulting 
polymers polymerized by using the catalytic extrusion was significantly increased 
when compared to origin PLA. The lowering o f PLA in EVOH-g-PLA decomposi
tion is attributed to amorphous nature..Due to PLA grafted from EVOH significantly 
suppressed the crystallization o f the EVOH moiety [27], the degradation temperature 
o f PLA component in graft copolymer decreased. In contrast to the plasticized PLA, 
the plasticizer made crystallization o f PLA more easy and complete [28], so the deg
radation temperature o f plasticized PLA is higher than that o f pure PLA. However, 
thermal stability is better for the blend with higher molecular weight. On the other 
hand, decomposition temperature o f EVOH is shifted to higher temperature indicat
ing less vinyl alcohol is presented and so confirm the success o f grafting-from via 
catalytic extrusion.



77

(a)

(b)

Figure 4.20 TG-DTA curve of crude EVOH-g-PLA synthesized by using a catalytic 
extrusion polymerization process with 40 rpm screw speed, catalyzed with 0.1 wt% 
รท(Oct)2 and stabilized with 5 wt% Zn/Ca stearate, with the varied the monomer to 
polymer ratio (a) differential weight loss curves (DTG) (b) weight losses of the 
samples.
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(a)

(b)

Figure 4.21 TG-DTA curve of crude EVOH-g-PLA synthesized by using a catalytic 
extrusion polymerization process with 60/40 LA/EVOH ratio, catalyzed with 0.1 
wt% รท(Oct)2 and stabilized with 5 wt% Zn/Ca stearate, with the varied screw speed 
(a) differential weight loss curves (DTG) (b) weight losses of the samples.
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(a)

(b)

Figure 4.22 TG-DTA curve of crude EVOH-g-PLA synthesized by using a catalytic 
extrusion polymerization process with 60/40 LA/EVOH ratio and 30 rpm screw 
speed, catalyzed with 0.1 wt% รท(Oct)2 and stabilized with 5 wt% Zn/Ca stearate, 
with the varied catalyst content (a) differential weight loss curves (DTG) (b) weight 
losses of the samples.
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Table 4.6 Thermal properties of crude EVOH-g-PLA synthesized by using a cata
lytic extrusion polymerization process

Samples
Td onset (°C) Weight Loss (%) Char

Residual
(wt %)PLA EVOH h 2o PLA EVOH

Commercial PLA 327.1 - - 93.1 - 6.9
Commercial EVOLI - 341.0 2.8 - 83.9 13.3

LA/EVOH Content (wt%)
50/50 278.7 420.7 2.0 45.0 41.0 12.0
60/40 274.8 419.0 1.5 65.0 21.5 12.0
70/30 265.4 415.0 2.0 78.2 14.8 5.0
80/20 241.0 408.0 4.0 79.0 15.0 . 2.0

Screw Speed (rpm)
30 267.3 410.3 5.5 • 50.5 42.7 1.3
40 274.8 419.0 1.5 .65.0 21.5 '.12.0
50 273.0 414.6 3.8 66.9 26.7 •2.6
60 275.0 415.2 1.4 58.6 35.9 '2.1

Catalyst Content (wt%)
0.1 276.0 411.9 5.5 50.5 '42.7 . 1-3
0.3 269.8 410.4 5.0 62.3 29.9 2.8
0.5 272.3 408.5 6.0 67.1 25.2 1.7

4.4.7 Dynamic-mechanical analysis
The DMA results for the crude graft copolymers with various 

LA/EVOH contents are presented in Figures 4.23, 4.24, and 4.25. The glass- 
transition temperature taken at the maximum of tan Ô peaks increased with increas
ing LA/EVOH contents because the amount of PLA homopolymer increased with 
increased in LA/EVOH content. These results in Figure 4.23 (a) are clearly seen that 
the glass-transition temperature of all graft copolymers, which is around 26.7, 30.5, 
11.5, and 44.0 °c for 50/50, 60/40, 70/30, and 80/20 wt% LA/EVOH contents re
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spectively, was significant lower than 80 ๐c  of pure PLA, indicating enhance in the 
mobility and the reduction in the rigidity.

In Figures 4.23 (b) and (c) show the storage modulus (E’) and the loss 
modulus (E” ) of graft copolymers as the function of temperature. For pure PLA, the 
storage modulus dropped drastically between 65 °c and 90 ๐c  which was its glass- 
transition region. Whereas, the storage modulus of graft copolymers gradually de
creased between -10 ๐c  and 80 °c accompanied the broad dispersion of tan 6 peaks. 
The modulus drop of about two orders of magnitude accorded with pure PLA. 
Whereas, the graft copolymers showed the modulus drop of about five orders of 
magnitude.

The tan Ô of graft copolymers with different screw speeds is shown in 
the Figure 4.24 (a). The glass-transition temperature of graft copolymers with varied 
30, 40, 50, and 60 rpm screw speed exhibits in the same level around 35 °c. There
fore,. it can be concluded that the glass-transition temperature of graft copolymer did 
not depend on the screw speed. In addition, the catalyst content affected to the tan Ô. 
The glass-transition of graft copolymers with various catalyst contents were equal in 
the case of 0.1 and 0.5 wt% but in the case of 0.3 wt%, it showed the higher glass- 
transition temperature (Figure 4.25 (a)). Moreover, all curves of tan 8 reveal these 
blends are miscible.
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(c)

Figure 4.23 DMA results of crude EVOH-g-PLA produced in reactive extrusion 
polymerization with 0.1 wt% รท(Oct)2, 5 wt% Zn/Ca stearate, and 40 rpm screw 
speed in dependence of LA/EVOH content (a) tan ô, (b) E’, and (c) E” as the func
tion of temperature.
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(a)

(b)
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(C) -

Figure 4.24 DMA results of crude EVOH-g-PLA produced in reactive extrusion 
polymerization with 60/40 wt% LA/EVOH content, 0.1 wt% รท(Oct)2, and 5 wt% 
Zn/Ca stearate in dependence of screw speed (a) tan ô, (b) E’, and (c) E” as the 
function of temperature.
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(a)

(b)
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Temperature (°C)

(c)

Figure 4.25 DMA results of crude EVOH-g-PLA produced in reactive extrusion 
polymerization with 60/40 wt% LA/EVOH content, 5 wt% Zn/Ca stearate, and 30 
rpm screw speed in dependence of catalyst content (a) tan Ô, (b) E \  and (c) E” as the 
function of temperature.

4.4.8 Morphological characterization
Figures 4.26, 4.27, and 4.28 represent the scanning electron micro

graphs of the fractured surfaces of crude EVOH-g-PLA received in the catalytic ex
trusion. Figure 4.26 reveals the effect of LA/EVOH content on the morphology de
velopment, i.e. 50/50 and 60/40 wt% when homopolymer contents of PLA are mini
mized, show homogeneous surface, no pores, and some plastic yielding revealing 
good compatibility of the graft copolymer. However, tiny domains phase separation 
was seen in 50/50 wt% LA/EVOH graft copolymer. They are well distributed. 60/40 
wt% LA/EVOH graft copolymer is well compatible so it is hardly seen the phase 
separation. 70/30 and 80/20 wt% LA/EVOH graft copolymers contains high amount 
of homopolymer of PLA and less amount of graft copolymer, so these samples have 
morphology look like blends of PLA and graft copolymer. Although their miscibility
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is rather good due to one grass-transition temperature and phase separation with tiny 
domains, the adhesion between them is relatively poor as seen by poor distribution 
of the domains in 70/30 wt% LA/EVOH graft copolymer and domain splitting out 
and lefting holes in the 80/20 wt% LA/EVOH graft copolymer.

Figure 4.26 SEM images of fractured surface of crude EVOH-g-PLA received in 
reactive extrusion polymerization at 40 rpm screw speed in dependence of 
LA/EVOH content.

For the most miscible copolymer 60/40 wt% LA/EVOH graft co
polymer, when the screw speed increases from 30 to 40 rpm the graft copolymer be
comes homogeneous but for 50 and 60 rpm screw speed the mixing yields grain 
morphology that is brittle like structure due to less grafting content and more amount 
of homopolymer of PLA.
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Figure 4.27 SEM images of fractured surface of crude EVOH-g-PLA received in 
reactive extrusion polymerization with 60/40 wt% LA/EVOH content and 0.1 wt% 
catalyst content in dependence of screw speed.

Figure 4.28, the morphology of 0.1 wt% 60/40 wt% LA/EVOH graft 
copolymer produced at 30 rpm, when homopolymer of PLA is presented with sig
nificant amount of OH-grafting, shows more homogeneous and no phase separation. 
When catalyst content increases to 0.3 wt%, less homopolymer of PLA is formed but 
the OH-grafting degree is lower so the miscibility is poorer and the phase separation 
becomes obvious. At 0.5 wt% catalyst content, homopolymer of PLA is almost ab
sence and grafting degree is high so no sign of holes but only phase separated with 
tiny domains.
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Figure 4.28 SEM images of fractured surface of crude EVOH-g-PLA received in 
reactive extrusion polymerization with 60/40 LA/EVOH (wt%) at 30 rpm screw 
speed in dependence of catalyst content.

4.4.9 Mechanical behavior
Figure 4.29 reveals the different tensile behavior of crude graft co

polymers compared to pure PLA and EVOH. The stress levels of pure PLA and 
EVOH were higher up to 40 MPa. In contrast to the graft copolymers, the elongation 
to break increased with the decrease in LA/EVOH content and screw speed and the 
increase in catalyst content. So, the PLA grafting-from EVOH shows decrease in 
stress and increase in the elongation to break.
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(c)

Figure 4.29 Stress-strain curves of crude EVOH-g-PLA received in reactive extru
sion polymerization in dependence of (a) LA/EVOH content, (b) screw speed, and 
(c) catalyst content.

Table 4.7 Tensile strength of elude graft copolymers

Samples Tensile strength 
(MPa)

s.d.

Commercial PLA 36.33 3.21
Commercial EVOH 40.00 2.83

LA/EVOH content (wt %)
50/50 17.75 1.06
60/40 11.50 0.71
70/30 9.00 1.41

Screw Speed (rpm)
30 15.00 1.41
40 11.50 0.71



93

50 8.45 0.78
60 8.80 0.28

Catalyst Content (wt %)
0.1 15.00 1.41
0.3 17.00 1.41
0.5 21.50 0.71

Table 4.8 Elongation at break of elude graft copolymers

Samples Elongation at break (%) s.d.

Commercial PLA 18.12 0.05
Commercial EVOH 18.64 1.93

LA/EVOH content (wt %)
50/50 230.87 2.64
60/40 228.69 8.43
70/30 150.08 3.32

Screw Speed (rpm)
•30 238.87 8.68
.40 228.69 8.43
50 149.46 2.06
60 132.63 1.65

Catalyst Content (wt %)
0.1 238.87 8.68
0.3 226.37 11.58
0.5 209.22 6.60
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Table 4.9 Young’s modulus of elude graft copolymers

Samples Young’s modulus (MPa) s.d.

Commercial PLA 194.55 22.05
Commercial EVOH 216.11 8.64

LA/EVOH content (wt %)
50/50 110.10 1.43
60/40 101.53 2.00
70/30 43.22 1.73

Screw Speed (rpm)
30 175.93 13.10
40 101.53 1.65
50 . . 171.61 3.26
60 147.26 2.67

Catalyst Content (wt %)
0.1 175.93 13.10
0.3 439.06 7.62
0.5 495.57 72.45

Mechanical properties were determined by means of tensile testing. In 
this work, mechanical properties of crude EVOH-g-PLA obtained from the catalytic 
extrusion polymerization were compared with pure PLA and EVOH, especially ten
sile strength, elongation at break and Young’s modulus. The analysis of the trends on 
mechanical properties gives information about the effect of LA/EVOH content, the 
screw speed, and the catalyst content. Figure 4.30 shows the tensile strength of the 
crude EVOH-g-PLA specimens in comparison with pure PLA and EVOH specimen. 
It was clearly seen that the tensile strength of all specimens received in the catalytic 
extrusion was smaller than that of pure PLA and EVOH. When the LA/EVOH con
tent increased from 50/50 to 70/30 wt% and the reaction was carried out at the same 
screw speed (40 rpm), the tensile strength decreased due to the reduction of the mo
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lecular weight and poorer domain distribution. By varying the screw speeds from 30 
to 60 rpm, the tensile strength decreased due to poorer domain distribution as well. 
The reason related to the residence time in the twin screw extruder. This resulted in 
the reduction of both grafting degree and molecular weight. Tensile strength signifi
cantly increased with catalyst content due to the increase in the molecular weight and 
high grafting content.

(a)

(b)
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(c)

Figure 4.30 Tensile strength of EVOH-g-PLÀ received in reactive extrusion po
lymerization in dependence of (a) screw speed, (b) LA/EVOH content (wt%), and (c) 
catalyst content (wt%). .

Elongation at break is shown in Figure 4.31. All of the crude EVOH- 
g-PLA from the catalytic extrusion gave higher elongation at break compared to pure 
PLA and EVOH. This could be suggested that the grafting of PLA from flexible 
EVOH backbone improve the softness of PLA, so the brittle problem of PLA was 
solved. When increasing the LA/EVOH contents from 50/50 to 70/30 wt%, there 
was the decrease in the elongation at break as the function of LA/EVOH content. 
The suggested reason was the same as the case of tensile strength. The specimens 
obtained from different the screw speeds show the decrease in the elongation at 
break decreased with increasing the screw speed. In the part of catalyst content varia
tion, the elongation at break slightly decreased with increasing the catalyst content 
from 0.1 to 0.5 wt%. Nevertheless, the difference in elongation at break of graft co
polymers with various catalyst contents was very small.
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C ata lys t con ten t (w t % )

(c)

Figure 4.31 Elongation at break of EVOH-g-PLA received in reactive extrusion po
lymerization in dependence of (a) screw speed, (b) LA/EVOH content (พt%), and (c) 
catalyst content (พt%).

Figure 4.32 shows the young’ร modulus of crude EVOH-g-PLA with 
various variables in comparison with pure PL A and EVOH. The graft copolymers 
gave the lower young’s modulus than pure PLA and EVOH. This indicated that the 
grafting reduced the stiffness in comparison with pure PLA. The young’s modulus of 
graft copolymers decreased when the LA/EVOH content was increased. In addition, 
it also decreased with increasing the screw speed. In the case of catalyst content vari
ables, the young’s modulus of graft copolymer changed linearly with the catalyst 
content. Particularly, graft copolymer with 0.5 wt% catalyst content showed very 
high young’s modulus up to 500 MPa which was higher than that of pure PLA about 
two and half orders of magnitude.
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Figure 4.32 Young ’ร modulus of EVOH-g-PLA received in reactive extrusion po
lymerization in dependence of (a) screw speed, (b) LA/EVOH coûtent (wt%), and (c) 
catalyst content (พt%).

4.5 CONCLUSION
The brittleness of PLA was the starting point to use the catalytic extrusion 

for generating ring-opening polymerization of lactide and grafting from EVOH back
bone in only single step. It was possible to synthesize PLA by grafting from method 
on EVOH via catalytic extrusion with stannous octoate as a catalyst which could be 
confirmed by the spectra of FTIR and NMR. The LA/EVOH content, extruder 
screw speed, and catalyst content are the important parameters which affected to the 
yield of graft copolymer, degree of grafting, molecular weight, and molecular weight 
distribution. The optimized LA/EVOH content, screw speed, and catalyst content 
were 60/40 wt%, 40 rpm, and 0.1 wt%, respectively which based on the degree of 
grafting, monomer conversion, and their mechanical properties.

The glass-transition temperature of graft copolymers was lower in compari
son with pure PLA and EVOH which both DSC and DMA gave the results in the 
same trend. From DSC curves and XRD patterns, all graft copolymers showed no 
crystal structure. It meant that high efficiency of grafting obstructed the crystalliza-
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The grafting ofPLA on EVOH backbone is to improve the elongation at 
break. The tradeoff includes reduced tensile strength. The mechanical properties re
lated to the molecular weight of the graft copolymers. The graft copolymers which 
gave higher molecular weight showed better mechanical properties. The processibil
ity was improved compared to that of pure PLA due to the high MWD.
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