
CHAPTER II
L IT E R A T U R E  R E V IE W

In 1997, Suong H. et a l, provided the information on the synthesis of PLA 
having a wide range of molecular weights. In the study PLA with different molecular 
weights was synthesized with the conversional polycondensation (condensation po
lymerization) of lactic acid and ring-opening polymerization of lactide focusing on 
the effects of catalyst concentration, polymerization time, and polymerization tem
perature on the polymer yield, molecular weight, and optical rotation. The synthesis 
of PLA through polycondensation of lactic acid monomer gave weight average mo
lecular weights (Mw) lower than 1.6x1 o4, whereas ring-opening polymerization of 
lactide in bulk using stannous as catalyst produced PLA with viscosity average mo
lecular weight (Mv) ranging from 2xl04 to 6.8x1 o5. The monomer conversion and 
Mv showed a maximum at a catalyst concentration around 0.05%. The monomer 
conversion and Mv increased almost linearly with polymerization time up to a 
monomer conversion of 80%, but both the conversion and Mv decreased after passing 
through a maximum, when the polymerization reaction was allowed to proceed for 
longer period of time. This time dependence was pronounced at higher polymeriza
tion temperature. The decrease in Mv at prolonged polymerization and higher polym
erization temperature was attributed to thermal depolymerization of resultant poly- 
lactides, but no significant optical rotation of poly(L-lactide) was noticed.
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F ig u r e  2.1 Effect of stannous octoate concentration 0 the viscosity average molecu
lar weight of poly(L-lactide) and monomer conversion for bulk polymerization of L- 
lactide at 130 ๐c  for 72 h. o:molecular weight, ^conversion.

Jacobsen ร. et al., (2000) studied the effect of triphenÿlphosphine on the ef
ficiency of tin(II) 2-ethylhexanoate as a catalyst for the ring op.ehing polymerization 
of L.L-lactide into polylactide. It was the starting point to use reactive extrusion 
technology to produce PLA. Reactive extrusion technology promoted by equimolar 
รท(Oct)2 P((|))3 complex was compared to batch polymerization technology on the 
basis of molecular parameters number average molecular weight (Mn), molecular 
weight distribution (MWD), and conversion rate (c). The resulting conversions, 
98.5% in glass ampoule bulk batch polymerization and 99% in single stage reactive 
extrusion, showed that in both cases the polymerization reaction had been finished 
(Table 2.1). Though for the bulk batch polymerization in glass ampoule the time re
quired to reach this conversion was approximately 40 min compared with only 7-8 
min in the reactive extrusion process. The difference could be explained by the fact 
that as soon as a high molecular weight, i.e. a high melt viscosity is reached, the 
speed of reaction was limited by the diffusion of the dimers or the low molecular 
weight compounds inside the high viscosity melt. The low MWD-values smaller 
than 2 in both cases showed that intermolecular transisterification reactions had been 
very limited, which was due to the use of triphenÿlphosphine as a catalyst. The dif-
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ference in molecular weight could be explained by the fact that the lactide in the 
glass ampoule has been recrystallised, while it had been used as received for reactive 
extrusion polymerization. Moreover, the processing and screw concept was devel
oped to polymerize L,L-lactide into PLA using a closely intermeshing corotating 
twin-screw extruder. The effect of the main processing parameters such as screw 
speed (ท), throughput rate (m), and extruder head pressure (p) on the molecular pa
rameters was determined. All processing parameters and the molecular parameters of 
the resulting polymers were gathered comparison in Table 2.2. The conversion 
would decrease by increasing the mass flow rate and screw speed. The fact could be 
explained by the residence time of material inside the extruder. The molecular 
weight increased as increase in the mass flow rate and extruder head pressure. The 
molecular weight distribution decreased slightly, while increasing the mass flow rate 
and screw speed that could be explained by degradation reaction. Finally; the result
ing. PLA-polmers were analyzed by means of their physico-mechanical property pro
file. They exhibited thermal and mechanical properties which allowed polylactide to 
be used in a wide range of nowadays polymer application.

Table 2.1 Comparison of two types of poly-L-lactide polymerized in glass ampoule 
bulk batch polymerization technology and using a single stage reactive extrusion po
lymerization process, both catalyzed with equimolar รท(Oct)2-P(<j))3 complex with an 
initial monomer to tin molar ratio of 5000 at 180 ๐c

Entry Process MnXlO'3 Mw/Mn Conversion (%) Time (min) for 
conversion

1 Grass ampoule 246.0 1.9 98.5 40
2 REX 91.1 1.8 99.0 ~7
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Table 2.2 Influence of different processing parameters during reactive extrusion po
lymerization on the resulting molecular polymer parameters

Entiy Screw speed (p) Mass flow rate (kg-li) Extrader head pressure (ter) i/tx r ! พ Conversion (%)3 Origin of PLA
1 50 0.75 "30 77.0 1.80 99 2B
2 50 1.00 "30 81.0 1.70 97 2B
3 50 1.25 "30 66.0 2.10 94 2B
4 50 1.00 "35 83.0 1.70 94 Boelmnger
5 100 1.00 "35 79.0 1.70 90 Boehnnger
6 200 1.00 "35 81,0 1.80 87 Boehnnger
7 100 1.00 "40 79.0 1.70 94 2B
ร 100 1.00 "60 84.0 1.70 94 2B
9 100 1.00 "85 86.0 1.80 96 2B .

10 100 1.00 . "110 89.5 1.75 (92) 2B

F ig u r e  2 .2  Tensile strength as a function of reached degree of conversion for poly-1- 
lactide produced in reactive extrusion polymerization.
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At the same time, Jacobsen ร. et al., (2000) produced polylactide (PLA) 
continuously in larger quantities and at lower costs than before based on a new cata
lytic system and a reactive extrusion polymerization process. There were cyclic 
monomers or comonomers which used for ring opening polymerization by using re
active extrusion technology (Fig. 2.3). This extrusion polymerization process had 
been developed and tested with laboratory scale machines and the possibilities to ex
tend this polymerization process to lactide based blockcopolymers had been investi
gated. One could generate a blockcopolymer of defined composition and with de
fined blocklength of the second monomer by using large amount of prepolymers and 
รท(Oct)2 as catalyst. The production of blockcopolymers made of hydroxyterminated 
pre-oligomerised block of one monomer and lactide as second monomer had been 
presented in Fig. 2.4. By adopting the length of the pre-oligomerised blocks as well 
as the total amount of blocks added, a multitude of possible blockcopolymers could 
be generated with the same processing concept and equipment to receive polymers 
with different mechanical, physical, thermal, and biodegradable properties for differ
ent applications.

o4 R = H; ท = 1 : p-PL, p-propiolactone 
R = H; ท = 2: y-BL, y-butyrolactone 
R ร H; ก = 3: Ô-VL, ô-valerolactone 
R = H; ท = 4: e-CL, c-caprolactone 
R = C H ji ท = 1 : p-BL, p-butyrolactone

Glycolide

DXO, 1,5-dioxeparv2-one
j^oH3C Y

CH,

Lactide

H3C
HgC

Pivalolactone

Figure 2.3 Cyclic monomers or dimers to be used for ring opening polymerization
using reactive extrusion technology.
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F ig u r e  2 .4  Reaction scheme for blockcopolymerisation using pre-oligomerised 
blocks of one monomer (o-caprolactone) and a second monomer (lactide).

In the next years, Schmack G. et al., (2001) prepared the biodegradable fi
bres spun from poly(lactide) generated by reactive extrusion. The study was carried 
out to investigate the PLA in a high speed melt spinning and spin drawing process. 
The PLA was an amorphous copolymer of L-lactide (92 wt.%) and meso-lactide (8 
wt.%) and was generated by reactive extrusion polymerization. This process allowed 
the polymerization starting from a catalytically initiated ring-opening procedure of 
lactide, instead of a discontinuous batch-process. It was shown that the PLA polym
erized by means of reactive extrusion, can be spun both in a high speed spinning 
process with a take-up velocity up to 5000 m/min and in a spin drawing process up 
to a draw ratio of 6. In addition the effect of the melt spinning conditions on the de
velopment of structure in the fibres, on the orientation in the crystalline regions and, 
especially, on the development of a strain-induced crystalline structure in PLA- 
filaments and the relation with the textile physical properties were investigated. A 
stress induced crystallization was proved by WAXS in the PLA fibres spun spinning 
speeds in the range above 3500 m/min and in those spun in a spin drawing process at
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draw ratios of 4-6. The stress induced crystalline and its high level of orientation had 
the dominant influence on the physical break stress and E-modulus. The maximum 
physical break stress and the E-modulus observed in the spin drawn fibres were 
about 460 MPa and 6.3 GPa, respectively, with an elongation at break of 24%.

In 2000, Jin H.J. et al., attempted to reduce the brittleness of poly(L-lactic 
acid) (PLLA) by blending with poly(cis-l,4-isoprene) (PIP). However, the PLLA 
proved to be incompatible with PIP. PIP was then grafted with polyvinyl acetate 
(PVAc) to yield PIP-g-PVAc, which was also blended with PLLA because PVAc 
had been shown to be compatible with PLLA. Compatibility and tensile properties of 
these blends were investigated. The modulus of PLLA was quite high, but the elon
gation and toughness were low. The modulus of the PLLA/PIP blend decreased and 
the elongation and toughness also decreased. However, when PLLA was blended 
with PIP-g-PVAc, the modulus, elongation,, and toughness of PLLA/PIP-g-PVAc 
blend were improved simultaneously, compared with those of the PLLA/PIP blend. 
It is interesting to note that the tensile properties of the compatible PLLA/PIP-g- 
PVAc blend were superior to those of the incompatible PLLA/PIP blend, although 
the molecular weight of PIP-g-PVAc copolymer was lower than that of PIP. It might 
be due to the fact that the interfacial bonding with PLLA and PIP-g-PVAc was sig
nificantly improved.

Michel A. et al., (2007) focused on the incorporation of dry starch into 
PLA to reduce the cost of the material while maintaining biodegradability. In this 
case, the starch acts as filler increasing the rigidity of the material but at the same 
time further increasing the intrinsic brittleness of the PLA. The starch concentration 
at which useful materials can be prepared is therefore limited to a low range after 
which the composite properties suffer dramatically. This has prompted investigations 
on PLA plasticization as a mean to decrease the brittleness of the composites. This 
avenue decreases the glass transition of the PLA and can increase the crystallinity 
level that can be achieved over time in the PLA crystallization temperature range. 
The use of potential plasticizers such as poly(ethylene glycol), poly(propylene gly
col), citrates, glycerol and sorbitol have been investigated in concentrations up to
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25%. Acetyl triethyl citrates and triethyl citrate were shown to be the most effective 
in decreasing the glass-transition of the PLA. At starch concentrations of 40 wt%, 
the elongation at break of the blends was shown to be very low, below 5% for the 
materials plasticized with the polyols. For the ones plasticized with 20-25% citrates, 
elongation at break reached 15% but only at the expense of a 10-fold decrease in ten
sile modulus and a 4-fold decrease in tensile strength. It is therefore clear that plasti
cization of the PLA/starch blend offers a relatively limited property range for the re
sulting composites. This situation was virtually unchanged by using starches with 
varying amylose content or moisture content.

Li H. et ah, (2007) investigated the effect of nucléation and plasticization 
on the crystalline content of PLA. Combining nucleating agents and plasticizers 
could have a synergistic effect on PLA crystallization kinetics, due to the improved 
chain mobility and the enhanced nucleating ability. The nucleating ability of talc, 
sodium stearate and calcium lactate was assessed while ATC and PEG were used as 
plasticizers. The crystalline content and properties achieved in different conditions 
are compared using DSC, tensile mechanical testing and dynamic mechanical analy
sis. Figure 2.5 presents the effects of PEG or ATC plasticizer content on crystallinity 
developed for the PLA formulations with 1% talc. At 30 ๐c  mold temperature, the 
samples were all nearly amorphous. At 80 °c molding temperature, the formulations 
developed substantial crystallinity. The crystallinity increased from 30 to 40 J/g, as 
the plasticizer content was increased to 5% and then reached a plateau. There was no 
obvious difference between the crystallinity developed with PEG or ATC plasticiz
ers.
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F ig u r e  2 .5  Effect of plasticizer content on crystallinity developed at 30 and 80 °c 
mold temperatures.

Plasticization decreases the glass transition temperature and generally re
duces the tensile modulus and tensile strength of amorphous polymers. However, in 
the case of slowly crystallizing polymers such as PLA, the increase in crystallinity 
due to enhanced chain mobility can partially or completely offset the plasticization 
effect. To investigate the interaction between plasticization and crystallization, the 
neat PLA and the formulations with plasticizers and/or talc were injection molded at 
30 and 80 °c to generate nearly amorphous and fully crystallized sample, respec
tively. Table 2.3 presents the tensile modulus, strength and elongation along with the 
achieved crystallinity. The amorphous PLA presented high tensile modulus and ten
sile strength at 3.7 GPa and 70 MPa, respectively, and a relatively low elongation at 
break, around 5%. It was not possible to prepare fully crystallized neat PLA but for
mulation comprising as little as 1% talc could be fully crystallized when using a high
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m old tem perature. Surprisingly, the ten sile  properties o f  these crysta llized  sam p les  
are sim ilar to  those o f  the am orphous neat PLA. It has been postulated  that th is ab
sen ce o f  e ffec t is due to the w eak linkage betw een  the am orphous and crystalline  
phases o f  PLA . A  secon d  observation concerns the effect o f  the p lasticizer. In ab
sen ce o f  talc, the m old ed  sam ples w ere nearly am orphous regardless o f  the p lasti
cizer  contents or m old in g  temperature. For 2-5%  A T C  p lasticizer concentration , the 
m odulus w a s nearly unchanged and dropped only to 3 .2 -3 .3  G Pa w h en  10% A T C  
w as added. T en sile  strength dropped m ore steadily w ith  p lasticizer content w ith  v a l
ues dropping to 50 -53  M Pa at the 10% A T C  level. The elongation  w as nearly u n af
fected  at th ese  p lasticizer lev e ls  and rem ained b elo w  10%. The so le  e ffec t o f  PE G  (in  
absence o f  talc) w as not investigated  but it cou ld  be expected  to fo llo w  sim ilar  
trends. The next im portant observation  concerns the effect o f  sim u ltan eous addition  
o f  p lastic izer  and o f  the talc, nucleating agent. In this case, the m old  tem perature s ig 
n ificantly affected  the crystallin ity. A ll these form ulations had a lo w  crystallin ity, 
b elo w  15% w hen injected in  a m old h eld  at 30 °c. In this case the properties w ere  
sim ilar to those o f  the p lasticized  form ulations w ithout talc as exp ected  from  their 
sim ilar crystallin ity  lev e ls . W hen m old temperatures o f  80 °c w ere u sed , the sam p les  
w ere all c lo se  to b ein g  fu lly  crystallized  and in this case a peculiar p h enom en on  w as  
observed. The ten sile  data for 2 and 5% plasticizer w ere sim ilar to th ose  reported for  
the m ore am orphous sam ples o f  sim ilar p lasticizer lev el, but su d den ly  at the 10%  
p lasticizer lev e l the m odulus and ten sile  strength dropped alm ost b y  a factor o f  2. 
C on versely , the e lon gation  at break increased dram atically to 4 0  and 70%  for 10%  
PEG  and A T C , resp ectively . S ince the plasticizer cannot be included w ith in  the cry s
tals, a p o ssib le  cause for this dramatic change can be the exp u lsion  o f  the p lastic izer  
from  the crysta lliz in g  region s w hich  in turn w ill increase the local p la stic izer  co n cen 
tration in the am orphous regions. Prior work in A T C  and P E G -p lasticized  am or
phous P L A  form ulations sh ow ed  that a dramatic ductility  increases occurred o n ly  
w h en  at least 15% A T C  or 20%  PEG w ere used. In our case, the exp u lsion  o f  the  
p lasticizer out o f  the crystallizin g region s that accounts for around 40%  o f  the v o l
um e, can push the local p lasticizer concentration in the am orphous region s in this 
critical concentration  range.
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T a b le  2 .3  T en sile  m odulus, strength and elon gation  at break and crystallin ity  as a 
function  o f  form ulation  and m old in g  tem perature

Plasticizer (พ(ร) Tale (พ1%) Mold temperature (°C) SX, Tensile properties, average (STD) 
E ((jfti) (7 (MPa) ft l%)

0 0 30 ft 3.ftS (±0.13) 69.2 (±0.41) 6.(1 (±0.29)
SO 14 3.701 ±0.10) 70.2 (±1.09) 5.8 (±0.32)

() 1 30 4 3.79 (±0.12) 63.9 (±0.77) 75 (±0.63)
SO 30 4.03 (±0.39) 67.7 (±0.71) 4.7 (±0.61)

2% ATC 0 30 <5 3.49 (±0.07) 64.3 (±0.68) ร.ร (±1.78)
80 <5 334 (±0.24) 68.0 (±0.61) 6.0 (±0.31)

5% ATC 0 30 7 3.46 (±0.05) 57.8 (±1-32) 522 (±0.34)
80 12 3.62 (±0.16) 59.2 (±1.94) 4.6 (±0.56)

10% ATC 0 30 <5 3.15 1 ±0.08) 50.1 (±0.28) 6.1 (±1.30)
SO <5 3.32 (±0 17) 52.6 (±0.59) 4.6 (±0.07)

2% ATC 1 30 7 3.65 (±0.04) 60.1 (±0.18) 10.6 (±2.42)
80 22 3.S0 (±0.39) 65.4 (±0.84) 6.S (±0.45)

5% ATC 1 30 3 359 (±0.07) 55.4 (±0.59) 9.0 (±3.34)
so ,3ft 3.75 (±0 21) 60.9 (±0.89) 5.3 (±1.39)

10% ATC 1 30 12 3.22 (±0.09) 47.3 (±0.98) 65 (±4.94)
SO 39 2.16 (±0.11) 34.5 (±0.37) 73.9 (±24.0)

2% PEG 1 30 5 3.70 (±0.14) 60 5 (±0.76) 105 (±4.61)
SO 37 4.23 (±0.02) 67.8 (±0.77) 67 (±1.88)

5% PEG 1 30 ft 356 (±0.10) 54.5 (±0.96) 9.1 (±7.024
80 40 3.61 (±0.07) 53.8 l±0.2S) 95 (±6.29)

10% PEG 1 30 14 3.02 (±0.07) 44.8 (±0.97) 39.9 (±37.2)
80 41 2.39 (±0.05) .37.3 (±0.19) 40.4 (±14.6)

In 20 0 7 , Bhardwaj R . et a l., reported the creation o f  a n ov el p o ly lactid e  
(P L A )-b ased  nanoblend by in -situ  generation o f  n ew  hyperbranched p olym er (H B P )-  
based  nanostructures in  the m atrix polym er prepared via an en viron m en ta lly  friendly  
m elt processin g technique. F igure 2 .6  sch em atica lly  depicts the in-situ  cross-lin k in g  
o f  H B P  w ith  PA  in the PLA  m atrix perform ed during m elt p rocessin g  o f  PLA .
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Hyperbranched Polymer 
(HBP)

F ig u re  2 .6  Sch em atic illustrations o f  in -situ  cross-link ing o f  hyperbranched p o ly 
m er (H B P ) in the P L A  m elt w ith  the help o f  a polyanhydride (P A ).

L o w  tem perature dynam ical m echanical thermal analysis (D M T A ) w a s  
conducted  to ob serve the cross-link in g  o f  H B P, phase separation, and m olecu lar in 
teraction o f  PLA  w ith  H B P  and cross-linked  H BP (cH B P ). The tem perature d ep en d 
ency o f  lo ss  m odulus ( £ ” ) o f  neat P L A , P L A /H B P  (9 2 /0 8 ) blend, and P L A /H B P /P A  
(9 2 /5 .4 /2 .6 )  blend is sh ow n  in F igure 2 .7 . In the P L A /H B P  (9 2 /0 8 ) b lend, there w ere  
tw o  lo ss  m odulus ( £ ” ) relaxation peaks at -40 ๐c  and 58 °c, resp ectively , corre
sponding to the g la ss transition tem perature (Tg) o f  H BP and P L A , resp ective ly . 
There w as slight d ep ression  in the Tg o f  PLA in the presence o f  H B P . It su ggested  
that there w as som e m olecu lar interaction betw een  PL A  and H B P , but this system  
w as dom inated  by phase separation. Phase separation has also been a m ajor problem  
in m ost o f  the p lastic ized  P L A  system s. The creation o f  free vo lu m e in p lastic ized  
PL A  en h an ces its m olecu lar m ob ility , facilitating the increase in its crystallin ity , 
w hich  renders the exp u lsion  o f  p lasticizer m olecu les from the am orphous region.
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F ig u re  2 .7  Tem perature dependence o f  the lo ss m odulus (Ej£0) o f  (A ) neat PL A , (B )  
P L A /H B P  (9 2 /0 8 ) b lend , and (C ) P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  blend. The sh ift in the 
g lass transition tem perature (Tg) o f  H B P  from  -40  ° c  to -31 ๐c  indicated the occur
rence o f  cross-lin k in g  o f  the H B P.

Stress-strain curves o f  neat P L A , P L A /H B P  (9 2 /0 8 ), and P L A /H B P /P A  
(9 2 /5 .4 /2 .6 )  b lends are show n in Figure 2 .8 . There w as no im provem ent o f  e lo n ga
tion at break value o f  PLA w h en  blended w ith  8 wt.%  o f  pristine H BP as w ell as 
w ith  2 .7  wt.%  o f  P A , but the elon gation  at break o f  PLA  w a s  im proved by around  
847%  for the P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  blend. The PLA  and P L A /H B P  (9 2 /0 8 )  
blends underw ent strain soften ing  and deform ed in brittle fash ion . On the other hand, 
the P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  b lend sh ow ed  in itial strain so ften in g  after y ie ld in g  
and then underw ent considerab le co ld  draw ing. The stress-strain curve after the y ie ld  
point sh ow ed  a com bination  o f  strain soften ing  and cold  draw ing. In this region, 
there w as com p etition  b etw een  PL A  chain  orientation and crack form ation. H en ce, 
there w as a drop in stress w ith  increasing strain. A fter 20%  o f  strain, on ly  co ld  draw
ing dom inated at a constant stress. This su ggested  that a large energy d issipation  o c 
curred in the presen ce o f  cross-link ed  H BP particles in the P L A /H B P /P A  
(9 2 /5 .4 /2 .6 )  blend. The tou gh n ess, calcu lated  as the area under stress-strain, exh ib 
ited a drop in its va lu e  for the P L A /H B P  (9 2 /0 8 )  blend as com pared to the neat PLA ,
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w h ile  increased dram atically from  2 .6  M J/m 3 for neat PLA to 17.4 M J/m 3 for the 
P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  blend. This w a s quite an unusual result, as the m od ified  
P L A  m aintained a quite h igh  ten sile  m od u lu s value o f  2.8  GPa. The result w as very  
sign ifican t in obtaining a b iobased  m aterial having rem arkable stiffn ess-tou gh n ess  
balance. T he tensile  strength o f  m od ified  P L A  decreased  to  6 3 .9  M Pa from 76.5  
M P a for neat PLA . T h ese results su ggested  that the nanoscale cross-lin k ed  H BP par
tic le s  behaved  like rubber particles and w ere e ffec tiv e  in im proving the toughness o f  
P L A  at lo w  concentration  (8 wt.% ) w ith  a m inim al sacrifice o f  ten sile  strength and 
m odulus.

F ig u r e  2 .8  Stress-strain curves obtained at a cross-head  speed o f  15 .4 m m /m in: (A ) 
neat PLA; (B ) P L A /H B P  (9 2 /0 8 ); (C ) P L A /H B P /P A  (9 2 /5 .4 /2 .6 ) .

F igure 2 .9  represents the scanning electron m icrographs o f  the ten sile  frac
tured surfaces o f  neat P L A , P L A /H B P  (9 2 /0 8 )  blend, and P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  
blend. The surface o f  neat P L A  w as extrem ely  flat, indicating the brittle failure o f  
P L A  under tensile  loading. The tensile  fractured surface o f  P L A /H B P  (9 2 /0 8 ) re
vea led  in h om ogen iety , form ation o f  v o id s , and absence o f  ductile  tearing. T h is w as
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an indication o f  phase separation, incom patib ility  b etw een  the PLA  and H B P , and 
brittle failure. The in -situ  cross-link in g  o f  H B P  in the PLA m atrix dram atically  
changed  its surface characteristic after deform ation. The tensile fractured surface o f  
the P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  b lend exh ib ited  considerable ductile tearing, surface 
roughness, and surface integrity. The increased surface area o f  fractured surface o f  
the P L A /H B P /P A  (9 2 /5 .4 /2 .6 )  b lend su ggested  that the crack paths w ere h ig h ly  b i
furcated, and crack propagation absorbed considerab le strain energy before failure. 
T his led to a co n c lu sio n  that the in -situ  cross-lin k in g  o f  H BP w as instrum ental in 
im proving the com p atib ility  b etw een  the P L A  and H B P  phase and resulted in s ig 
nificant tou gh n ess enhancem ent o f  PL A  bioplastic.

F ig u re  2 .9  S canning electron  m icrographs o f  ten sile  fracture surfaces: A: N eat  
PLA ; B: P L A /H B P  (9 2 /0 8 );  C: P L A /H B P /P A  (9 2 /5 .4 /2 .6 ) .

R aquez J. e t a l., (2 0 0 6 ) rev iew ed  about various strategic pathw ays to pro
duce biodegradable p o lyesters and related com p atib ilized  m elt b lends by reactive  
extrusion  (all steps conducted  in a tw in -screw  extruder): polyester syn th esis by co n 
tinuous catalyzed  rin g-open ing  p olym erization  w hen  Tin and alum inium -based  cata
lysts w ould  be considered  for quantitatively converting the cyclic  m onom er in high
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m olecu lar w eig h t p o lyester  chains w ithin  residence tim e o f  a few  m inute on ly , p o ly 
ester chem ical m od ifica tion  (self-branch ing) and chain-functionalization  (m aléation ), 
and com p atib iliza tion  o f  p oyester  m elt b lends w ith different naturally occurring f ill
ers. P L A s produced in s in g le -stag e  contiuous REX polym erization  w ere com pared to  
P L A s produced in g lass am pouled  using bulk batch polym erization  tech n o lo g y  on  
the basis o f  m olecu lar param eters (Table 2 .4 ). The resulting con version  sh ow ed  that 
both o f  p olym erization  reactions had been fin ished. P L A  chains had been  ch em ica lly  
m od ified  by grafting reaction  o f  m aleic anhydride (M A ) (m aléation  reaction) in 
duced  by a free-radical p rocess perform ed in bulk through R E X . M A -grafted  P L A  
(M A G -P L A ) w ith  0 .65 wt.%  M A  had been  m elt b lended w ith  granular c o m  starch in  
an internal m ixer. P L A /starch interfacial interactions w ere im proved by u sin g M A -  
grafted p o lyester  chains. T his resulted from the strong interactions b etw een  carbox
y lic  anhydrides and the hyd roxyl functions o f  the polysaccharide chains.

T a b le  2 .4  C om parion b etw een  P L A s as produced in bulk either in traditional batch  
p rocessin g  or in  R E X  p olym erization , in a co-rotating c lo se ly  in term eshing tw in -  
screw  extruder, both prom oted  by an equim olar รท(O ct)2 -P(C 6 H 5 ) 3  com p lex  w ith  a 
[L -L A ]o/[Sn] ratio o f  50 0 0 , at 180 °c (extrusion  throughput ~1 kg/h) M w/M n P o ly 
m er con version  %. M aléation  reaction or R E X -P L A  v ia  a free-radical p rocess

E n try P ro cess
T im e  fo r  

C o n v e r s io n  (m in ) co n v ersio n  % M w/M „

1 B atch 40 98.5 2 4 6 0 0 0 1.9
2 R E X ~ 7 99 9 1 1 0 0 1.8
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F ig u r e  2 .1 0  The grafting reaction o f  m aleic anhydride (M A ) onto the P L A  back
bone had been  perform ed through a free-radical process again conducted  by R E X .

Janata M. et a l., (20 0 3 ) sy th esized  the p olystyren e and p o lystyren e-b lock - 
p oly(m eth y l m ethacrylate) d en sely  grafted w ith  p o ly (e-cap ro lacton e) or p o ly (D L -  
lactide) in the ben zen e rings by “geafting from ” m ethod. P olystyren e and p olysty -  
ren e-b lock -p o ly (m eth y l m ethacrylate), both ring-substituted w ith  1 -hydroxyethyl 
group, as procursurs for the grafting. R in g-op en in g  p o lym eriza tion  o f  s-cap rolacton e  
or D L -lactid e initiated w ith  the hydroxyl group and co-in itia ted /ca ta lyzed  w ith  stan
nous octoate. S u ccessfu l grafting o f  8 -caprolactone or D L -lactid e from  this hydroxy-  
lated PS (Sch em e 1) and from the hydroxylated  P S -b -P M M A  cop o lym er (S ch em e 2)  
w ere confirm ed  by SEC  and N M R  spectra. SEC  traces o f  both  iso lated  graft c o 
polym ers (p o lystyren e-graft-p oly(s-caprolactone), p o lystyren e-graft-p oly (D L - 
lactide), [p o lystyren e-gra ft-p oly(s-cap rolacton e)]-b rock -p oly (m eth yl m ethacrylate), 
and [p o ly styren e-gra ft-p o ly (D L -lactid e)]-b lock -p o ly (m eth y l m ethacrylate)) w ere un- 
im odal and no peak o f  corresponding h om opoym ers (po lycap rolacton e and p oly lac-  
tid e), often  form ed as by-products in  grafting, w ere observed. SEC  an alysis sh ow ed  
an increase in m olecu lar w eigh t o f  graft cop o lym ers as com pared w ith  that o f  the 
starting hydroxylated  PS and P S -b -P M M A . The M W D s o f  the graft cop o lym ers  
w ere narrow. *H N M R  spectra o f  graft cop o lym ers dem onstrated 100%  grafting e ff i
c ien cy . In other w ords, all free hydroxyl groups o f  the hydroxylated  PS e ffec tiv e ly  
in itiated the RO P o f  e-caprolactone or D L -lactid e.
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In 2 0 0 3 , R osa les c. et a l ,  studied the grafting o f  tw o com m ercial p o ly- 
eth y len es, lo w -d en sity  p o lyeth y len e  and linear lo w -d en sity  p o lyeth y len e  w ith  diethyl 
m aleate carried out in a corotating tw in -screw  extruder at different extrusion  con d i
tion s. The e ffec ts  o f  the grafting degree and the p rocessin g  con d ition s used  in the 
preparation o f  the fun ction a lized  m aterials on their shear and elon gation al v isco s it ie s  
at h igh  shear rates, and on  their thermal and ten sile  properties w ere a lso  studied. The  
increase in screw  speed  should  result in a decrease o f  residence tim e and, therefore, 
in the degree o f  grafting (F igure 2 .1 1 ). F low ever, it also resulted in an increase o f  the 
m ix in g  in the extruder, thereby increasing the degree o f  grafting. For therm al proper
ties, the grafting d egree increased , the crystallin ity content o f  the m aterials seem ed  to 
d ecrease. The introduction o f  m aleated units in the chain  conferred m ore im p erfec
tion s to the m icrostructural regularity o f  the p olym er crystal, lead in g  to a reduction  
o f  the m ean lam ellar th ick ness o f  the grafted m aterials: T he ten sile  properties, a d e
crease in the elastic  m od u lu s in the sam ple w ith  the h ighest grafting d egree cou ld  be 
observed . That d ecrease cou ld  be attributed to a decrease in its crystallin ity  content.

F ig u r e  2.11 G rafting d egree as a function o f  the screw -sp eed  for L D P E -g-D E M  m a
terials.
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Cai Q. et al. (2 0 0 3 )  syn thesized  brush-like b iodegradable p o ly lactid e-  
grafted dextran cop o lym er (P L A -g-dextran) by a bulk polym erization  reaction using  
a trim eth y lsily l-p rotected  (T M S) dextran as m acroinitiator and stannous octoate as 
catalyst. T he P L A -g-dextran  cop o lym ers w ere characterized by 1H N M R , G PC and 
intrinsic v isco s ity  m easurem ents. T he syn thesis o f  the P L A -g-d extran  w as confirm ed  
by 'h  N M R  determ ination (Figure 2 .1 2 , low er). U sin g  C D C I3 w ith out tetram ethylsi- 
lane as so lven t, the 'h  N M R  spectra o f  the p o ly lactid e products initiated by T M S D  
exh ib ited  clear signals around 0 .1 -0 .5  ppm , w hich  w ere attributed to the trim ethyl- 
sily l groups. B esid es, several w eak broad peaks w ere found around 3 .5 -5 .5  ppm b e
lo n g in g  to the -CH  or -C H 2 o f  g lu cose  units. A fter the products w ere suspending in  
m ethanol at room  tem perature for tw o  days to rem ove the T M S groups, the m ethyl 
proton signa ls o f  TM S groups b e lo w  0.5 ppm disappeared, but the w eak broad s ig 
nals around 3 .5 -5 .5  ppm  still ex isted  (Figure 11, upper). The m ethy len e and m e- 
thy lid yne signa ls o f  dextran w ere so broad and extrem ely  w eak , b ecau se the content 
o f  g lu co se  units w as lo w  and the m ob ility  o f  the sugar units w as very  lo w  in C D C I3 . 
It w as interested to point out that the inherent v isco s ity  o f  PLA-g-d.extran cop olym er  
increased  a little  after de-protection , e .g . it could  increase to 1 . 8 6  d l/g  from original 
1 . 6 8  d l/g , w h ich  w as considered  due to the w eak  hydrogen  bond b etw een  hydroxyl 
groups ex istin g  on the dextran backbone.
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■ า------- r5 4
Chemical shift (5)

F ig u r e  2 .1 2  'H 'N M R  spectra o f  P L A -g-dextran  before (low er) and after (upper) de
protection  o f  trim eth y lsily l groups in m ethanol.

In 2 0 0 6 , Y in  J., studied p o ly (eth y len e-v in y l acetate) (E V A ) cop o lym er melt 
grafted with m ale ic  anhydride (M A H ) in a tw in  screw  extruder in the presence o f  
peroxide. It is con firm ed  that M A H  has been m elt grafted on the backbone o f  E V A  
by FTIR. Infrared spectra corresponding to pure E V A  and fun ction a lized  E V A  are 
sh ow n  in F igure 2 .1 3 . U nfortunately, the p resen ce o f  p eaks at 1790 and 1865 cm '1, 
characteristic o f  the carbonyl in the M A H , cannot be ob served  clearly  b ecau se  o f  the 
ex isten ce  o f  a ce to x y  carbonyl carbon o f  the V A  unit, w h ich  covers other bands in 
this zon e. O nly a fe w  peaks in 1790  and 1865 cm ' 1 are checked  in the spectra o f  
grafted E V A  w ith  com parison  to that o f  pure polym er, w hich  m ight confirm  the 
grafting reaction b etw een  E V A  and M A H . To w eaken the in flu en ce o f  V A  group on  
FTIR  an alysis, the m ethod o f  hyd ro lysis is perform ed, w h ich  is a lso  b e lieved  to be 
usefu l for determ ining the m echanism  o f  grafting reaction in E V A . The hydrolysis  
products o f  E V A  and E V A -g-M A H  are exp ressed  as E V A L  and E V A L -g -M A H , re
sp ective ly . The FTIR spectra are show n in F igure 2 .14. C om parison w ith the spectra 
o f  E V A  and E V A -g -M A H , the characteristic peak o f  carbonyl on V A  group is
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sharpen and w eak en  but still ex ists, w hich  is attributed to the strong absorption o f  
carbonyl and a lso  an in d ication  o f  in com plete h yd ro lysis process in our experim ental 
con d ition s. H ow ever, the ex isten ce  o f  characteristic band near 1790 cm ' 1 correspond
ing to the carb oxy lic  groups o f  M A H  is confirm ed, w h ich  should be regarded as the 
evid en ce  o f  grafting reaction , since no sim ilar band appears in the spectra o f  E V A L . 
It is w orthy n otic in g  here that the FTIR  analysis on h ydrolysis product o f  E V A  and 
its grafting sam p les prove the grafting reaction o f  M A H  on the hydrogen atom  o f  
tertiary carbon at E V A  m ain chain, otherw ise, the peaks o f  M A H  should  disappear i f  
the reaction takes p lace entirely in the hydrogen atom s o f  m ethyl units on  V A  
groups.

F ig u r e  2 .1 3  FTIR spectra o f  (a) E V A  and (b) E V A -g-M A H .
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F ig u r e  2 .1 4  FTIR  spectra o f  (a) E V A L  and (b) E V A L -g-M A H .

Liu Y . (2 0 0 4 )  syn th esized  and characterized a brush-like cop o lym er o f  
p olyla lum inum  as catalyst in to lu en e at 70 ๐c .  It w as found that a greater lactide  
content in the feed in g  ratio results in a higher grafting percentage. The grafting per
cen tage and the am ount o f  lactide introduced to ch itosan  increase w ith  feed in g  m olar  
ratio are show n in Table 2 .5 . W hen the feed in g m olar ratio o f  lactide to ch itosan  in 
creased  from 2:1 to 40 :1 , the grafting percentage rose from  43%  to 462% ; m ean 
w h ile , the m olar o f  lactide to ch itosan  in the cop olym er a lso  rose from  0 .9 6  to 10 .33 . 
T his ind icates that the h igher the concentration o f  lactide in the to lu en e, the h igher  
opportunity for the lactide to react w ith  ch itosan reactive centers.
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T a b le  2 .5  The lactide grafted onto ch itosan  cop o lym er in to lu en e at 70  °c w ith  
Et3 A l as catalyst

M o la r  ra tio  ( la c t id e :c h ito sa n ) T o ta l y ie ld  (% ) G r a ftin g  p e r c e n ta g e  (% )
2 : 1 50.4 43
5:1 38.1 109
6 : 1 32.8 136

1 0 : 1 43 .8 33 8
2 0 : 1 26 .7 4 0 8
40:1 15.2 46 2

Figure 2 .15  sh ow s the W A X S  patterns as com pared w ith  that o f  chitosan . 
The strongest reflection  o f  ch itosan  appears at 20  =  19 .84°. In the feed in g  ratio, the 
ratio o f  lactide to ch itosan  is 2:1 , the-strongest reflection  sh ifts to 2 0  =  19.74°. In the 
case o f  5:1 and 6:1 , it is 20  =  2 1 .6 6 °  and 2 1 .4 4 ° , resp ectively . T h ese  results indicate  
the crystalline patterns w ere d ifferent w ith  ch itosan , w h en  lactide w a s grafted onto it; 
the original crystallin ity w as destroyed . The strongest peak appears at about 20  =  
16.7° for sam p les o f  10:1, 2 0 :1 , 40:1 , w h ich  changes m ore rem arkably than the on es  
m entioned  above. In addition to that, th ese  three sam p les have a lm ost the sam e d- 
spacing, w h ich  m eans that graft cop o lym ers have a sim ilar packing m od e w hen the 
graft percentage is  >338%  (in  the feed in g  ratio 10:1).
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F ig u re  2 .1 5  W A X S  patterns o f  ch itosan  and its graft copolym er: (a) ch itosan , (b) 
2:1, (c ) 5:1, (d) 10:1, (e ) 20 :1 , ( 0  40:1 .

L ee c . M . (2 0 0 5 ) studied reactive b lend ing o f  p o ly (lactic  acid ) w ith  
p o ly (e th y len e-co -v in y l a lcoh o l) in the p resen ce o f  an esterification  catalyst to induce  
reaction betw een  the hydroxyl groups o f  E V O H  and the ten n in a l carb oxy lic  group o f  
PLLA . E V O H  w as se lected  for the host polym er, b ecau se it has h yd roxyl groups to 
be reacted w ith  P L L A  and a lso  has exce llen t p rocessab ility  as w e ll as good  m ech an i
cal properties. Tetrabutyl titanate w as used as a catalyst to induce reaction betw een  
EV O H  and PL L A . T en sile  properties o f  the resu lting graft cop o lym er (E V O H -g-  
PL L A ) are show n in Table 2 .6 . W hen the lo w -m olecu lar-w eig h t PL L A  w as reacted  
w ith E V O H , the resulting E V O H -g-P L L A  retained good  ten sile  properties up to a 
content o f  PL L A  as high as 60  w t %; and, thereafter, e lon gation  at break o f  the 
E V O H -g-P L L A  d ecreased  sharply. It is worth noting that e lon gation  at break o f  
E V O H -g-P L L A  contain ing 4 0  w t % o f  PLLA  (E V O H -g-P L L A  4 0 ) w as eight tim es 
higher than that o f  an E V O H /P L L A  6 0 /4 0  sim ple blend.
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T a b le  2 .6  T en sile  properties o f  P L L A /E V O H  blends

B lend  c o m p o s it io n  (% )
E. m o d  ฟ แร  

(M P a )
M a x  s tress  

(M P a )
E l on  g  a t b re ak  

(% )

P L L A — — —

E V O H -g -P L L A  80 1303 ±  493 .3 0.55 ±  0 .35 1.77 ±  0 .55
E V O H -g -P L L A  60 1711 ±  385.0 1.78 ± 0 .5 8 9.34 ±  18.9
E V O H -g -P L L A  50 1661 ±  412.9 1.59 ±  0.72 12.2 ±  8.12
E V O H -g -P L L A  40 1198 ±  392 .3 1.16 ±  0.15 21.6  ±  5.51
E V O H -g -P L L A  20 1447 ±  355 .9 1.43 ± 0  65 9.44 ±  2.97
E V O H 1067 ±  453.2 1.98 ± 0 .6 2 16.5 ±  4.62
E V O H /P L L A  6 0 /4 0 860 ±  643.1 1.73 ± 0 .7 7 2.70 ±  1.28

Figure 2 .1 6  sh ow s the second scan D S C  therm ogram  o f  P L L A , E V O H , 
E V O H -g-P L L A , and E V O H /P L L A  6 0 /4 0  blend. T he E V O H /P L L A  6 0 /4 0  blend  
sh ow s tw o separate m elting peaks located at around the m eltin g  tem peratures o f  the 
corresponding parent p olym ers, ind icating that the tw o  p olym ers are phase- 
separated. C rystallization  peak  tem perature (T c) w as determ ined by. c o o lin g  from  
2 0 0  ๐c  at -20  ° c /m in . Tm  and A H /-w ere observed  w h ile  reheating the co o led  sam ple  
from 30 ° c  at 20  ๐c /m in . T he E V O H /P L L A  6 0 /4 0  blend had alm ost the sam e T c at 
94 ๐c  as that o f  E V O H . In contrast, T c  o f  E V O H -g-P L L A  4 0  appeared at 88 ° c ,  
w hich  w as 6-8 ° c  low er than that o f  E V O H /P L L A  60 /4 0 . T herefore, it can be said  
that PL L A  grafted to E V O H  sign ifican tly  suppressed the crystallization  o f  the 
E V O H  m oiety . T m  o f  the E V O H  phase in E V O H -g-P L L A  shifted  to a low er tem 
perature region  as the content o f  PLLA  increased. The Tm  peak o f  the PL L A  phase  
did not sh ow  up until the content o f  PL L A  w as h igher than 6 0  w t %.
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F ig u re  2 .1 6  TTie secon d  scan D S C  therm ogram s o f  E V Ô H -g-P L L A  and  
E V O H /P L L A  blend.
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