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2.1 P o ly lac tid e  (PL A )

Polylactide or polylactic acid (PLA) is a versatile, biodegradable, 
hydrophobic aliphatic polyester. PLA is produced form  a renew able resource such as 
sugarcanes, corn, sugar beets and tapioca products. PLA has good m echanical and 
therm al properties that can com parable w ith the com m odity plastics (e.g. PET and 
PS). M oreover, PLA  required low energy to produce and save the environm ental 
process. The synthesis m ethods o f PLA are shown in Figure 2.1 (A vérous, 2008).
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Figure 2.1. S y n th es is  m e th o d s  o f  P L A  (A v éro u s, 2008).



4

2.1.1 R in g -o p en in g  p o ly m eriza tio n  o f P L A  v ia  ca ta ly s t in itia tio n .

The R ing-opening polym erization o f  PLA is the w ay to get high 
m olecular w eight o f  PLA. There are m any catalysts that used for ring-opening 
polym erization but am ong them  stannous (II) octoate (รท(O ct)2) is usually preferred 
because it provides high m olecular w eight, high conversion rate and high reaction 
rate m ore than another catalyst (Schw ach e t a l ., 1997). The structure o f  stannous (II) 
octoate is show n in Figure 2.2. (Storey e t a l., 2002) and the m echanism  o f ring
opening polym erization o f  PLA via stannous (II) octoate is show n in Figure 2.3 
(Singh, 2008).

F ig u re  2.2. C hem ical structure o f stannous (II) octoate (Storey e t a l., 2002).
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F ig u re  2.3. G eneralized m echanism  o f lactide to PLA (Singh, 2008).
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In 1997, Scw ach e t al. polym erize o f lactides m onom er to PLA in the
presence o f  stannous (II) octoate (รท(O ct)2 ) and hydroxytin(II) lactate(HTL) 
initiation. They have been studying about catalyst that polym erized h igh m olecular 
w eight o f  PLA. M oreover, they studied the effect o f  tim e to polym erize PLA. The 
m echanism  o f  polym erization o f  PLA by using stannous (II) octoate and HTL as 
catalyst is show n in Figure 2.4 and Figure 2.5, respectively. The concluding o f  study, 
PLA was synthesized by ring-opening polym erization via stannous (II) octoate gave 
h igher conversional rate and m olecular w eight than ring-opening polym erization via 
HTL. Furtherm ore, the increasing o f reaction tim e w as resulting in the increasing o f 
m olecular w eight and % conversion o f  PLA. The result o f  this study is show n in the 
Table 2.1 (Scw ach e t a l ,  1997).

H O — รท— L ad  
(H O — รท , U c t  )

F ig u re  2.4 รท(O ct ) 2  route polym erization (Scw ach e t a l., 1997).
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+ H O -C H (C H j)—  COOH

F ig u re  2.5 H TL route polym erization (Scw ach e t a l ., 1997).

T a b le  2.1 Effects o f  tim e on the polym erizations resulting from  รท(O ct) 2  and HTL 
initiations (M /I=5000, 140 °C) (Scw ach et a l., 1997).

Initiator Time(h) Conversion Ratea(%) M nb Ib

รท(O ct)2

0.42 31.1 336,000 1.8
1.08 33.6 273,000 2.3
3.00 72.9 490,000 1.6
5.00 83.9 415,000 2

HTL

2.25 3.3
4.33 13.6 3,600 1.8
9.70 28.2 141,000 1.6
12.92 40.0 196,000 2.2

a A s determ ined by H -N M R. 
b A s determ ined by SEC.
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In 1997, Hyon et al. synthesized PLA with d ifferent m olecular weight 
by polycondensation and ring-opening polym erization. They focused on the effect o f 
catalyst concentration, polym erization tim e and polym erization tem perature on the 
m olecular w eight, polym er yield and optical rotation. They found that PLA 
synthesized by the conversional polycondensation gave the average m olecular w eight 
lower than 1 .6 x l0 4 w hereas, ring-opening polym erization o f  lactide produced 
polylactide w ith average m olecular w eight range from  2 x l0 4 to 6.8x1 o4. M oreover, 
the concentration o f  stannous (II) octoate was preferred for ring-opening 
polym erization o f  PLA is 0.05 wt% . The effect o f  catalyst concentration to m olecular 
w eight and conversional rate are show n in Figure 2.6 ( Hyon e t a l., 1997).

[ c # a  ly s t  ] ,  พ t%

F ig ure  2.6 Effect o f  the stannous (II) octoate concentration on the viscosity average 
m olecular w eight o f  poly-L-lactide and them onom er conversion for bulk 
polym erization o f  L -lactide at 130°c for 72 h. o :m olecular w eight, » :conversion ( 
Hyon e t a l., 1997).
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2.1.2 M o d ifica tion  o f PLA

The m ajor lim itation o f  PLA is its poor ductility  and slow  degradation 
rate. There are several m ethods have been done to im prove m echanical properties, 
degradation rate, and crystalline o f  PLA, for exam ple, m odified by processing, 
m odified by plasticizer, m odified by blending, and copolym erization.

2.1.2.1 M od ified  by p ro cessin g

There are many different processes that applied  to control the 
orientation o f  PLA. The parts o f  crystalline in PLA w ere oriented by draw ing or 
stretching resulted in The increasing o f  strength.

In 2002, G rijpm a e t al. studied im provem ent o f  the m echanical 
properties o f  poly(D ,L-lactide) by orientation. They synthesized PLA by ring 
opening polym erization via stannous (II) octoate. The m olecules o f  PLA w ere 
oriented by draw ing and scorim  process to increase m echanical properties. A fter the 
process, tensile strength and impact strength o f  PLA w ere increasing. The results o f  
this study are show n in Table 2.2 and Figure 2.7 (G rijpm a e t a l, 2002).

T a b le  2.2 Effect o f  draw ing on the m echanical properties o f  PLA (G rijpm a e t a l., 
2002)

un
oriented

O riented

2.5 x =  3.4
M odulus (M Pa) 3650 4490 3740
T ensile  strength, a  (M Pa) 47 73.3 66.3
Elongation at break, 8 (%) 1.5 48.2 21.8
C harpy (kJ m '2) 12.5 35.9 No

break
Izod, 0.25 mm notch (kJ n f 2) 1.6 5.9 52
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F ig u re  2.7. C harpy im pact strength o f  PLA as a function o f  m olecular w eight 
for SCO RIM  p ro c e s s in g ^ )  and conversional injection m olding(o) (G rijpm a e t a l, 
2002).

2 .1 .2 .2  M od ified  by p la stic ize r

In 1999, Jacobsen e t al. studied the effect o f  different 
plasticizers on the m echanical properties o f  PLA. They studied three different type o f 
plasticizer and com pared the principal behavior o f  these p lasticizers: poly(ethylene 
glycol 1500) (PEG  1500), g lucosem onoesters (Dehydat) and partial fatty acid ester 
(Loxiol). The results o f  th is study show n the elongation at break o f  PLA increased. 
They added 2.5 w t%  o f p lasticizer to increase 14% o f  elongation at break. The best 
o f  all p lasticizers from an elongation point is poly (ethylene glycol). The result o f 
this study is show n in Figure 2.8. The im pact resistance decreased w hen added 
plasticizer. B ut, w hen added m ore plasticizer, the im pact resistance increased. The 10 
w t%  o f  PEG  1500 gave the highest im pact resistance. The result o f  im pact resistance 
is show n in Figure 2.9 (Jacobsen e t a l., 1999)
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F ig u re  2.8. E longation at break (%) as a function o f  plasticizer addition (Jacobsen et 
a l ,  1999).

Pure PL A PEG 1500 Dehyrtni

B2 5 wt % 
o  5 wt-%
El 10 wt-%

F ig u re  2.9. Im pact resistance [m j/m m 2] as a function o f  p lasticizer addition. 
(Jacobsen et al., 1999).
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In 2005, Ljungberg e t al. studied PLA blended w ith  plasticizer 
to enhance its flexibility and decrease problem  o f  brittleness. They synthesized 
oligom eric p lasticizer as called Diethyl B ishydroxym ethyl M alonate Adipoyl 
T riethylene glycol diam ine (D BM A TA ). A fter that, they b lended PLA w ith 15% wt 
o f  p lasticizer in tw in screw  extruder and characterized them . The results o f  the stress 
as the function o f  strain  com paring both aged and unaged PLA  film  w ith both aged 
and unaged PLA /D B M A TA  film . They found that PLA / D B M A T A  blend was very 
flexible w ith  strain at break above 200%  w hereas the pure PLA  show ed strain at 
break only around 20% . The result o f  this study is show n in Figure 2.10 (Ljungberg 
e t a l., 2005).

S t r e s s  t M P a )

F ig u re  2.10. Stress/strain curves com paring aged and unaged film s o f  
PLA /D B M A TA  and pure PLA (Ljungberg e t a l., 2005).
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2.1.2.3 M od ified  by b len d in g

B lending is the m ost popular m ethodology to im prove the 
lim itation properties o f  PLA. PLA has been blended w ith several polym ers: 
biodegradable and non-biodegradable polym er to get preferred properties o f  PLA. 
M oreover, blend PLA w ith biodegradable polym er for increasing the degradation 
rate such as polyhydroxybutyrate (PH B), rubber etc. N on-biodegradable polym ers 
that usually  blend w ith PLA are low  density polyethylene (LD PE), poly(vinyl 
acetate) (PV A c), poly(m ethyl m ethacrylate) (PM M A ) etc.

In 2009, Ishida e t al. studied on m elt-blending betw een PLA and 
four rubber com ponents: ethylene-propylene copolym er (EPM ), ethylene-acrylic 
rubber (A EM ), acrylonitrile-butadiene rubber (N BR) and isoprene rubber (IR). They 
studied the effect o f  blending o f  various rubber com ponents into PLA on the 
m echanical properties and m orphologies. The content o f  rubbers w as fixed at 10 and 
20 wt% . The m echanical properties and m orphologies o f  pure PLA  and PLA /rubber 
blend w ere investigated. They found that PLA /N BR blend show ed the highest im pact 
strength. The result o f  this study is shown in Figure 2.11. M oreover, the tensile 
properties effected by type o f  rubber. The elogation decreased w hen blended with 
EPM  and AEM . The blending betw een PLA and N BR, the elongation at break 
increased slightly. The highest elongation was around 2 tim es or m ore w hen blened 
with IR. The results o f  elongation value is shown in Figure 2.12 (Ishida et a l., 2009).
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F igure  2.11. Im pact strength o f  pure PLA and PLA /rubber blends. Error bars 
represent one standard deviation obtained from the testing o f  five specim ens (Ishida 
e t a l ., 2009).
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F ig u re  2.12. The elongation o f  pure PLA and PL A /rubber b lends (Ishida et a l.,
2009).
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In 2009, K linklai et al. studied on natural rubber/ polylactic 
acid/ epoxidized natural rubber (N R /PLA /EN R ) blending. They w ere varying a 
com position o f  N R /PLA /EN R  as 100/100/0, 100/90/10, 100/70/30, 100/50/50, 
100/30/70, 100/10/90 and 100/0/100 wt% . The characteristic peak o f  N R  was found 
at 1664 c m '1 attributed to >C =C H -stretching and 836 c m '1 attributed to =CH- 
bending. A fter m odified N R  to ENR, the new  peak around 870 cm ’1 and 1250 c m '1 
w ere occurred w hich corresponding to epoxide group. T he FT-IR  spectrum  is shown 
in Figure 2.13. The m echanical properties o f  polym er blends w ere determ ined by 
tensile and im pact testing m achine. M oreover, therm al properties w ere investigated 
by DSC and TGA. The result o f  this study was found that tensile strength o f  the 
N R /PLA  was the highest increasing with adding EN R  30 wt% . In addition, the effect 
o f  EN R content on the m echanical properties was the best at 30 wt% . The result o f  
this study is show n in Table 2.3 (Klinklai e t a l., 2009).

4000 3000 2G03 tooo
Wave กนm bers fcm-1)

F ig u re  2.13. FTIR  spectrum  o f  natural rubber (NR) and epoxidized natural rubber 
(EN R ) (K linklai et a l ,  2009).
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T a b le  2.3 M echanical properties o f  blending as a function  o f  blending ratio o f 
PLA /N R /EN R  (K linklai et a l ., 2009)

sample N R
(w t% ) <L% >

E N R
(w t% )

Tensile strength 
(M Pa)

Im pact
strength
(k J /irf)

Density
(g/cm 3)

1 100 100 0 8.61 5.5 1.108
2 100 90 10 11.32 9.0 1.050
3 100 70 30 19.60 17.2 1.029
4 100 50 50 14.36 14.6 1.007
5 100 30 70 15.23 12.0 0 .994
6 100 10 90 12.65 7.6 0 .964
7 100 0 100 10.50 - 0 .960

In 2012, Chunm ei Zhang e t al. studied on therm al, m echanical 
and rheological properties o f  polylactide toughened by expoxidized natural rubber 
(EN R). They studied  the effect o f  type o f  EN R with epoxidation content at 20 m ol%  
(EN R 20) and 50 m ol%  (EN R 50) and studied the effect o f  PLA and EN R  content 
from 1 to 20 w t% . The TGA therm ogram  showed the one-stage w eight loss during 
the decom position. The therm al stability increased because the intense m olecular 
interaction and crosslinking betw een chain o f  ENR. The TG A  therm ogram  is shown 
in Figure 2.14. The blending o f  PLA /EN R20 and the blending o f PLA /EN R 50 gave 
the elongation at break increase from 9.3%  to 32%  and 27%  respectively. M oreover, 
the blending o f  PLA /EN R 50 show ed lower elongation at break than the blending o f 
PLA //EN R20. The result o f  this study is show n in Figure 2.15. (C hunm ei Zhang et 
a l., 2012).



1 6

T em perature ( °c )

F ig u re  2.14. TGA curves of pure PLA, ENR20/PLA and ENR50/PLA blends.

F ig u re  2.15. The elongation at break of pure PLA, ENR20/PLA and ENR50/PLA 
blends (Chunmei Zhang e t a i ,  2012).
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2.1.2.4 M od ified  by cop o ly m eriza tio n

There are many monomers that copolymerized with PLA to 
improve the weak properties of PLA. A polycondensation of lactic acid 
copolymerized with other monomers, produced low molecular weight copolymer. 
Monomers were used in polycondensation copolymerization such as D.L-mandelic 
acid and other a-hydroxy acids, etc. Moreover, ring-opening copolymerization of 
lactide monomer with cyclic monomer produced high molecular weight copolymer. 
Cyclic monomers were used in ring-opening copolymerization such as glycolide, 
trimethylene carbonate, 8 -caprolactone, etc. (Sodergard, 2002).

In 2000, Hiki e t al. studied L-lactide block copolymerization 
with hydroxy-terminated [RS]-poly(3-hydroxybutyrate) ([RSJ-PHB) by the catalyst 
of tin (II) octoate. They studied the effect of L-lactide and [RSJ-PHB content from 44 
to 69% and studied the effect of increase reaction temperature. The result of yield of 
copolymer was very high and molecular weight was around 11,900-30,000 Da. The 
feed ratio of L-lactide affected the molecular weight. The molecular weight 
distribution was very low. The result of block copolymerization o f [RSJ-PHB and L- 
lactide is shown in Table 2.4. Furthermore, they studied on mechanical properties of 
block copolymerization of [RSJ-PHB and L-lactide. The polymer films were made 
from the PLLA-[RSJ-PHB-PLLA gave the Young’s modulus increased from 30 to 
160 MPa when increase the composition of PLLA. In contrast, the elongation at 
break was increasing from 200 to 8 6 %. The result of mechanical properties of this 
study is shown in Table 2.5. (Hiki et a l., 2000).
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T a b le  2.4 Results of block copolymerization of the telechelic [RSJ-PHB and 1-lactide 
(polymerized with รท(Oct)2 as catalyst for 40 min at 160°c in bulk) (Hiki e t a i ,  
2 0 0 0 )

Run

N o .

Telechelic [RSJ-PHB

M ab(1 0 3 Da)

[M ] / [ I ]a Unit ratio

3 H B /L A C

Yield (% ) M a (10J Da) M w /M n b

G PC b Calcd.d

1 5.4 28.1 42/58 87 1.2 1.25 1.3

2 5.4 42.0 32/68 79 1.5 1.49 1.2
3 5.4 64.5 22/78 87 2.1 2.16 1.3

4 10.1 31.8 56/44 83 1.6 1.77 1.2
5 10.1 51.6 47/53 82 2.0 2.23 1.2
6 10.1 83.6 31/69 90 3.0 3.22 1.2

a T h e  m o n o m e r ( M )  ra tio  in  feed re la tiv e  to  the  to ta l end g ro u p  ( I )  o f  the p re p o ly m e r. 

b D e te rm in e d  b y  G P C  c a lib ra te d  w ith  p o lys ty re n e  standard  (c h lo ro fo rm  e luen t).

0 D e te rm in e d  b y  ' h  N M R  spectra . 

d C a lc u la te d  f ro m  the y ie ld .

T a b le  2.5 Mechanical properties of the polymer films of PLLA-[RS]-PHB-PLLA 
([RS]-PHB: M l 10; 100; M w = M ท . 1:18 (Hiki e t a i ,  2000)

Run
No.

Composition
(3HB/LA) 3

Modulus
(MPa)

Strength
(MPa)

Elongation
(%) xb(%)

1 1 0 0 /0 ° 24 15 610 -
2 56/44 30 1 0 2 0 0 9
3 47/53 130 14 150 1 0

4 31/69 160 15 8 6 23
5 0 / 1 0 0 J 800 39 7.2 37

3  D e te rm in e d  b y  H N M R  spectra.

bT h e  degree o f  c ry s ta ll in ity  o f  P L L A  w as ca lcu la te d  b y  D S C .

c F o r  a p re fe re n tia lly  s y n d io ta c tic  [R S J-P H B  h o m o p o ly m e r (M n  =  9 5 ,0 0 0 , M w /M n =  1.70). 

d F o r  P L L A  h o m o p o ly m e r (M n = 9 9 ,0 0 0 , M w /M n = 1 .8 6 ,  T m =  173 °C).
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In 1997, Chen e t al. synthesized [L]-Lactide/ethylene oxide 
([LJ-LA/EO) ring-opening copolymerization by using the various catalysts including 
isobutyl- aluminoxane (IBAO) and Sn-Al bimetallic catalysts. They studied the 
effect of reaction temperature on multiblock segment length and molecular weight of 
copolymer. They found that the increasing of reaction temperature resulted in shorter 
segment block length. DSC thermogram showed two melting peaks that 
corresponded to [L]-PLA and PEO crystalline phase. The composition between two 
phases and the block length affected the melting temperature and enthalpy of fusion. 
The DSC thermogram is shown in Figure 2.16 and the values of thermal properties 
are shown in Table 2.6. Moreover, they compared the properties between L-LA/EO 
and L-LA/PEG based on modulus and yield strength. The modulus and yield strength 
of L-LA/EO were higher than L-LA/PEG. The result of this study is shown in Table
2.7. (Chen e t a i ,  1997).

F ig u re  2.16. DSC thermograms recorded during the first heating scan of the 
following copolymer MeOH-i fractions: (1) entry5, (2) entry 6 , and (3) entry 10 
(Chen e t ah , 1997).
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T a b le  2 .6  DSC Analysis of Methanol Insoluble [LJ-LA-EO Copolymers (Chen et a l ., 
1997)

entry M w / M n 7 [LRA /7 eo 7’[L]-LA//rE0 Tm a (°C )
A H fa obsrvd 

(calcdc) (J/g)
Tm b(°๑

A H fb obsrvd 

(cacld0) (J/g)

4 44 100/12 300 11/25 47/53 60 25 (36) 136 35 (47)
ร 118 000/21 100 25/42 30/70 60 25 (59) 147 23 (37)
6 162 000/26 100 9/44 22/78 64 64 (73) 142 18(30)
10 121 000/23 700 17/83 17/83 63 63 (84) 127 14(25)
15 110 000/30 600 18/39 33/67 65 40 (53) 151 25 (39)
17 86 400/37 000 13/39 31/69 65 42 (56) 150 22 (38)18 46 400/17 500 10/32 31/69 66 47 (56) 100 8(38)

" M e lt in g  tra n s itio n  o f  P E O  b lo c k s . h  M e lt in g  tra n s itio n  o f  P I ,A  b lo c k s .c C a lc u la te d  a ssu m in g  th a t the 

P E O  and P L A  ch a in  segm ents are lo n g  and do  not in te ra c t in  a m o rp h o u s  o r  c ry s ta llin e  d o m a in s ; using 

A / / f  v a lu e s  fo r  P E O  (A /v  ) 4 _  106) and [L ] - P L A  (A /n  ) 12 9 0 0 )o f  140 and 63 J/g, re s p e c tiv e ly ; us ing 

the  e q ua tions  £ / / f  (c a lc d )  ) w P E O  _  0 / / f (P E O )  o r U '[L ]-P L A  _  A / / f ( [ L ] - P L A )  w h ere  w P E O  and พ [L ] -  

P L A  are  th e  w e ig h t fra c tio n s  o f  P EO  and [L ] - P L A  segm ents, re s p e c tiv e ly .

T a b le  2 .7  Tensile Properties of [LJ-PLA/PEG and [L]-PLA/[L]-LA-co-EO Blend 
(Chen e t a i ,  1997)

B len d M o d u lu s
(M P a )

Y ie ld
s tre ss

(M P a )

E lo n g a tio n
at

y ie ld (% )

B r e a k
s tr e s s

( M p a )

E lo n g a tio n
at

b r e a k (% )
[L l-P L A /P E G

M W
(P E G ) =  1 8 ,5 0 0  

(8 9 /1  l w / w )

4 2 3 + 2 0 1 4 .5 + 2 .8 6 .0 + 0 .1 2 5 . 5 + 2 . 8 2 4 0 + 2 1

[L ] -P L A /[L ] -  
L A - c o - E o b 
( 8 0 /2 0 w / w )  

w [ L ] - l a / W f .o  
= 8 9 /1 1

7 1 0 + 2 1 2 4 .1 + 3 .1 6 .0 + 0 .1 2 6 . 2 + 2 . 6 2 0 4 + 1 8



21

In 2002, Frick e t  al. synthesized polylactide-b-polyisoprene-b- 
polylactide (PLA-PI-PLA) triblock copolymers. The contents of triblock 
copolymer were 5.1-35-5.1 kg/mol as called ร, 9.0-33-9.0 kg/mol as called c  and 
14-33-14 kg/mol as called L. They investigated dynamic mechanical and tensile 
testing based on Young’s modulus and ultimate tensile strength. For dynamic 
mechanical analysis, all triblock (ร,c , and L) showed the decreasing of the elastic 
modulus around the Tg of PLA. The independent plateau o f triblocks c  and L 
demonstrated that there are free of significant diblock contamination. In contrast, 
triblock ร had the negative slope for the plateau rigion that attributed to the short 
chain of PLA resulting in weaker point. The result of DMA of triblock is shown 
in Figure 2.17. They found that the increasing in volume fraction of PLA sample 
was resulting in the increasing of Young’s modulus, Yield stress and ultimate 
tensile strength. The result of this study is shown in Table 2.8 and Figure 2.18 
(Frick e t a l ,  2002).

T ab le  2.8 Tensile data for Triblock Copolymers (Frick e t a l ,  2002)

Triblock
Young's
modulus

E+sd
(MPa)

Yield
strain
€y+sd

(%)

Yield
stress
Gy+sd
(MPa)

Strain at 
break 
€B+sd 

(%)

Ultimate tensile 
strength 

oB+sd 
(MPa)

ร 6 .7+0. 6 55+9.1 1.5+0.4 200+40 3.1+0.9
C 3.8+11 5+0.8 2 .9+0.7 650+70 9.2+1.9
L 150+26 4+0.5 5.5+1.0 450+60 1 0 . 1  + 1 . 8
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F ig u re  2.17. DMS temperature sweeps for triblocks ร, c ,  and L( temperature ramp 
rate = 2 °c/min, frequency (๓) = 0.5 rad/s, strain(£) =1%): G \ filled circles; G” , 
open circles (Frick e t a l ,  2002).

F ig u re  2.18. Representative stress-strain curves for triblocks ร, c ,  and L pulled to 
20% strain (ASTM D178).
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2.1.3 A p p lica tio n  o f PLA

PLA has good mechanical and thermal properties to use in many 
applications such as packaging, paper coating, fiber, film and carrier bag (Rudnik, 
2008). Moreover, PLA also has bioresorbability, biocompatibility and biodegradable 
properties to use in biomedical application. The applications of PLA are shown in 
Table 2.9. (Rasala e t a l.,2010)

T a b le  2.9 The application of PLA

S ec to r A pplication R efe ren ce

Packaging
Food packaging Vink et al, 2004
Film Vink et al, 2004
Rigid thermoformed 
food Vink et al., 2004

biomedical

Suture in guinea Kulkami et aL, 1966
Bone repair of rat Hollinger, 1983
Drug release in rat Schakenraad et al., 1990
Fracture fixation of dog An et al., 1998

Other Textile or non-wovens Materials, 2000

2.2 E pox id ized  N a tu ra l R u b b e r  (EN R )

Epoxidized Natural Rubber (ENR) is the natural rubber that some part of 
double bonds is replaced by epoxide groups randomly along the chain. ENR has 
many good properties offering high strength, solvent resistance and wear resistance. 
ENR is now established commercial polymer which has three grades; 10, 25 and 50 
mole % of epoxide contents as called ENR-10, ENR-25 and ENR-50. The chemical 
structure of ENR is shown in Figure 2.19 (Yoksan R., 2008).
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CH

---- CH—c —CH-CH J-
V

k  hI 3C b
-CH—C=CH—CHj----

Epoxidized natural rubber, ENR

F ig u re  2.19. Chemical structure of ENR (Yoksan R., 2008).

2.2.1 S yn th esize  m e th o d  o f EN R .

Natural rubber (NR) is the most important economic commodities in 
Thailand. NR has many good physical and thermal properties such as high elasticity, 
stickiness, resilience, etc. Due to the double bond in its structure, NR has limitation 
properties such as low stability to heat, oxygen, sunlight and 
hydrocarbon/hydrophobic solvent. The chemical modification at double to improves 
those limitation properties.

Epoxidized natural rubber (ENR) is the natural rubber that has epoxide 
group along the chain. It reduces the number of double bond that results in 
hydrophilicity increasing. The mechanical and thermal properties of ENR can 
comparable with NR. Moreover, it can improve some limitation of NR. The synthesis 
method of ENR is shown in Figure 2.20 (Yoksan R., 2008).

H-H-O-OH f 1 f ? ^  b ]
-------------------- ----------------- ►  — - j- CH— (ร--CH —CTS j j — rC H f— c  = CH — C H j-j—
Pcrfonasc epoxtitatjon ' q  3 1

Epoxidtffit cjtutai nsbbet, ENR

f .
-j-CH — C=CH-CHrj- 

N'aRtral ruNbc! NR

F ig u re  2.20. Synthesis of Epoxidized Natural Rubber (Yoksan R., 2008).
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In 1992, Gelling studied the epoxidation of NR latex with peroxyacetic 
solution. They varied the acid concentration and temperature. They studied the effect 
of mole % of epoxide content on the systematic change in properties. They studied 
the vulcanization characteristic of ENR. Moreover, they studied the mechanical and 
thermal properties of ENR that compared with NR. Tensile strength of ENR 
increased following the content of epoxide group increasing. Moreover, the 
properties of ENR can comparable with NR. The result of this study is shown in 
Table 2.10 (Gelling, 1992).

T a b le  2.10 The properties of ENR (Gelling, 1992)

Property Vulcanisate
NR ENR 25 ENR 50 ENR 75

Stress at 100% extension (MPa) 0.74 0.69 0.78 0.96
Tensile strength (MPa) 25.8 24.1 30.9 28.4
Elongation at break (%) 760 789 762 622
Degree of crystallinity11 11 11 1 0 4
Unit cell volume (mm3) 0.955 0.985 0.999 1.036

In 2011, Mishra et al. found polycaprolactone (PCL)/epoxidized natural 
rubber (ENR) blends (PCL/ENR = 70/30, 50/50 wt/wt) that were prepared by a melt 
mixing in an internal mixer in the presence of a small amount of dicumyl peroxide 
(DCP). They studied the effect of peroxide crosslinking on thermal, mechanical, and 
rheological properties of the blends were investigated. The crosslinked blends 
exhibited high elongation-at-break and fairly good elastic recover}' as well as melt 
processibility. DCP modified blends showed higher tensile strength and elongation at 
break than simple blend. The result of this study is shown in Table 2.11. (Mishra et 
a l ,  2 0 1 1 ).
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T a b le  2.11 Tensile properties of the blending (Mishra e t a l ,  2011)

S am ples
T ensile
s tre n g th
(M P a)

100%  T ensile  
m odulus
(M P a)

E longation
a t-b re a k
(% )

T ension
s e t  (% )

PE5050 8 . 8  ±0 .4 3.9 ±0 .5 1500± 80 41

PE5050D0.5 9.1 ±0.4 3.7 ±0.5 1580± 80 26

PE5050D1.0 9.3 ±0.5 3.4 ± 0 .6 1650±40 23

PE7030 18.5 ±0.9 6.4 ±0 .4 800 ± 60 37

PE7030D0.5 20.5 ±0.7 6.3 ± 0 .4 850 ± 60 31

PE7030D1.0 23.2 ±0.8 6.2 ±0.3 910 ± 40 28

In 2005, Yew et al. studied Epoxidized natural rubber/polylactide/rice 
starch (ENR/PLA/RS) blending that were prepared by a twin-screw extruder and 
compression molding into dumbbell specimens. They studied the effect of RS and 
ENR contents on mechanical properties. They characterized the mechanical 
properties and morphology of a composite by tensile testing and SEM. They found 
that tensile modulus of PEA increased by the incorporation of RS. In contrasting, 
ENR content increasing was resulting in tensile modulus decreasing. The result of 
this study is show'n in Table 2.12. (Yew et a l., 2005).



T a b le  2 .12 Tensile properties of PLA/RS composites (Yew et a i ,  2005)

M a te ria ls T ensile
modulus (G Pa)

Tensile
s tre n g th  (M P a)

E longation 
a t b re ak  (% )

PLA 3.30+0.08 57.8+0.86 3.8+0.07

PLA/RS 10 3.50+0.08 40.9+0.77 2.6+0.06

PLA/RS20 3.80+0.07 44.0+0.56 2.5+0.08

PLA/RS30 4.20+0.09 37.7+0.92 2.1+0.04

PLA/RS40 4.40+0.09 33.6+0.68 1.9+0.05

PLA/RS50 4.50+0.08 30.6+0.78 1.7+0.07

PLA/RS20/E2.5 3.70+0.06 47.9+0.62 2.7+0.06

PLA/RS 2 0/E5 3.30+0.07 49.0+0.54 3.4+0.05

PLA/RS20/E7.5 3.10+0.08 41.6+0.68 2.9+0.08

PLA/RS20/E10 2.80+0.06 37.2+0.79 2.6+0.07
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