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ABSTRACT

Biodegradable polymeric materials derived from renewable resources have attracted
tremendous attention in different application. Polylactic acid (PLA) is one of the most useful
biodegradable polymers. It is difficult to synthesize high molecular weight polylactic acid by direct
polycondensation. The present work describes the synthesis of high molecular weight PLA by varying
the duration of reaction and changing the sequence of catalyst addition. Binary catalyst used was
SnCl, 2H,0/maleic anhydride and p-toluene sulfonic acid. PLA with molecular weight (6.503X105)
was obtained in 52 hours. FTIR, 'H and *C NMR ascertained the structure of synthesized PLA
whereas GPC was used for determining molecular weight.
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INTRODUCTION

In the recent years research attention
is shifted on the synthesis and application of
biodegradable polymers, which find use in agriculture
in the formulation of controlled release fertilizers!
and in increasing the water retention capacity of
soil?, packaging®“ and biomedical fields®. The most
widely used biodegradable polymers are cellulose,
starch, natural rubbers, polylactic acid (PLA),
polyhydroxybutyrate (PHA) polycaprolactum (PCL)
and poly (butylenes adipate terephthalate) (PBAT)? €.

PLA is the synthetic polymer, which has

been a material of interest to most polymer experts.
It is a synthetic aliphatic polyester, thermoplastic in
nature and produced from renewable resources, as
an alternative to petrochemical-derived conventional
polymers such as polystyrene (PS), polypropylene
(PP), polyethylene (PE) and polyterephthalate
(PET). When compared with other biodegradable
polymers PLA shows far better properties like
mechanical strength, high melting point, high
modulus and transparency®”®. However, PLA is
seldom used alone without any modification as it
has some drawback like slow crystallization, it is
brittle in nature, less elongation properties, low
heat resistance, limited gas barrier properties and
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high costl®'%l due to the above said drawbacks
the use of PLA is limited only to a few applications.
Devanchi and Kaffashi'? has reviewed applications
of PLA in diverse medicinal applications like
scaffolds, drug delivery systems like microcapsules,
microspheres and thin coatings and for surgical
sutures and meshes. The applications mainly
ascribed to medical field are tissue engineering,
artificial organs for temporary or permanent assist,
wound management'® applications in intraocular
lens, corneal on lay devices for vision correction
the other applications include ureteral stents and
stent coatings'. Polylactic acid nanoparticles
have also used for site specific drug delivery'¢,
dermatotherapy'” and many other such medicinal
applications' 8. The physicochemical properties
of PLA nanoparticles were affected by molecular
weight of PLA'. It is a great challenge to obtain
high molecular weight PLA at a reasonable cost??'.
High molecular weight PLA has been synthesized
by ring opening polymerization of lactide®*2® by a
multistep process, using catalysts (zinc, lead, tin
and aluminium), initiators (n-, sec- and tert-butyl
lithium) and solvents (chloroform, toluene, xylene
and diphenyl ether) combinations. However, with the
use of above reagents for synthesis purification of
product is required® 24, The purification process is
difficult and complicated, thereby increasing the cost
of PLA. Another process, i.e. direct polycondensation
reaction has been also known as melt/solid
polycondensation method to produce high molecular
weight PLA2°2527 This process is completed in two
steps, first melt polycondensation and second one
solid polycondensation. It was difficult to obtain high
molecular weight PLA by direct polycondensation
reaction, because the direct polycondensation
reaction is reversible reaction, causing equilibrium
among free acids, water and finished product thereby
making removal of the by-product (i.e. water) difficult.
To overcome this problem several approaches have
been followed. In one of the study molecular sieve of
various pore sizes has been used to remove water
from reactions?”%8. In the present work, we will discuss
the synthesis of high molecular weight PLA by direct
polycondensation at high temperature for a longer
time by using a catalyst combination and altering
the sequence of catalyst addition and will study the
effect of duration of polycondensation reaction on the
molecular weight of obtained polymer.
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EXPERIMENTAL

Material and reagents

Lactic acid 90 % extra pure was purchased
from Merck, India. Stannous chloride dihydrate
(SnCl,.2H,0) p-Toluene sulfonic acid (TSA),
p-xylene, maleic anhydride (MAH), methanol and
ethanol were purchased from Central Drug House
(CDH), India and other reagents used were of
analytical grade and were used without further
purification.

METHOD

The synthesis of lactic acid was completed
in 500 ml round bottom three necked flask equipped
with dean-stark condenser. The polycondensation
reaction was carried out by varying time period and
changing the sequence of addition of catalyst and
keeping a constant temperature under nitrogen
atmosphere. The mixture of lactic acid and p-xylene
was taken into a round bottom three necked flask.
Initially the condensation of lactic acid started without
addition of catalyst and reaction was allowed to run
for 5 h at 140°C temperature. After 5 h, the reaction
temperature was gradually brought down to 100°C
then SnCl,.2H,0 corresponding to 0.5% of lactic acid
was added in reaction mixture and the reaction was
allowed to run for 20 h at 160°C reaction temperature.
After 25 hours, the reaction temperature was further
decreased to 100°C and p-toluene sulfonic acid
corresponding to 0.5% of lactic acid was added
in reaction mixture and reaction temperature was
further increased to 160°C and the reaction was
allowed to run for different time durations 13,19 and
25 hours. At the end, the reaction was cooled down to
100°C temperature. The obtained polymeric product
was precipitated into methanol and washed 4-5 times
with methanol, filtered and dried at 70°C in oven. The
synthesized polymeric product was characterized by
Gel permeation chromatography (GPC) and spectral
analysis such as FTIR, 'H NMR and *CNMR.
Spectroscopic analysis

The FTIR spectrum was performed to
key out the functional groups and the structure
of the synthesized polymer using Perkin Elmer
FT-IR spectrum 100 (USA). The absorption peaks
in between 4000 cm™ to 500 cm™" were studied.
"H NMR spectra of the synthesized polymer samples
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were scanned on a Bruker Avance Il spectrometer
working at 400 MHz at 293 K in CDCI,. Chemical
shifts (8) were expressed in ppm. *C NMR spectrum
of polymer performed using a JEOL AL 300 MHz
FTNMR in DMSO solvent. The spectral window was
0 to 200 ppm for *C NMR.

Gel Permeation Chromatography

The number-average molecular weight (Mn)
and weight average molecular weight (Mw) were
determined by Younglin ACME 9000 Gel Permeation
Chromatography in DMF at 40°C with flow rate
0.5 mL/ min. on two polystyrene gel columns
[PL gel 5um 10E 4 A columns (300x7.5 mm)]
connected in series to a Younglin ACME 9000
Gradient Pump and a Younglin ACME 9000 RI
detector. The columns were calibrated against
seven poly(methyl methacrylate) (PMMA) standard
samples (Polymer Lab, PMMA Calibration Kit,
M-M-10).

RESULTS and DISCUSSION

Poly(lactic acid) was prepared by
polycondensation of lactic acid at 160°C temperature
for different time durations and by changing the
sequence of catalyst addition. Stannous chloride
dihydrate, and p-toluene sulfonic acid was used as
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catalysts, SnCl,.2H,0 and p-toluene sulfonic acid
were used in same ratio corresponding to 0.5% of
LA and maleic anhydride was used corresponding to
0.4% of LA. Different samples of PLA were synthesized
by direct polycondensation, the molecular weights
were determined by GPC method and the obtained
results were further confirmed by spectral analysis
and structural analysis was determined by FTIR,
'H NMR and *C NMR.

Fourier transform infrared spectroscopy

The FTIR spectrum of the synthesized
polylactic acid (PLA) is shown in Fig. 1, bands
observed at 2998.1 cm™ and 2948.0 cm™ can be
assigned to symmetric and asymmetric C—H
stretching of CHS, and the bands observed at
1455.2 cm™ can be attributed to methyl/methylene
deformation. Band observed at 1758.6 cm™ can be
assigned to the carbonyl group of the ester. The
peaks observed at 1189.9 cm™ can be attributed to
C—O stretching in esters®3'.The absorption band
at 870.8 cm™ can be attributed to the amorphous
phase of PLA and the absorption band at 755.7
cm™ indicate the crystalline phase of PLA%. The
absorption band observed at 3507.5 cm™" indicate
the hydroxyl (-OH) group present in the terminal
group of low molecular weight PLA.
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Fig. 1. FTIR spectrum of low molecular weight PLA

'H and 3C- Nuclear Magnetic Resonance

The 'H NMR spectrum of the synthesized
polylacticacid (PLA)is showninFig. 2, twosets of signals
were observed the absorption peaks at 1.527 and
5.14 ppm can be attributed to the proton of CH,
group and CH group present in PLA chain®. 3C NMR
spectrum of PLA is shown in Fig. 3. The signals at

169.22, 68.75 and 16.52 ppm are representing the
carbonyl group of ester bond, CH and CH, group
present in polymeric chain®.

Gel permeation chromatography
Gel permeation chromatography helps in
separation of the different components of the mixture
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based on molecular size. The high molecular weight
polymer is eluted first i.e. High molecular weight
polymers have the minimum residence time and
therefore the time required is less to get eluted,
higher peak represents the high molecular weight
PLA. Whereas, the low molecular weight polymer
spends more time in the pores and therefore slowly
eluted, i.e. lower molecular weight polymers needed
more time to flow out, and lower peak represents a
low molecular weight of PLA%. According to the given
data (Table 1) the molecular weight of PLA increased
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Fig. 2. '"H NMR spectrum of PLA synthesized for 52 hours

Table 1: Effect of different time period on molecular
weight of PLA synthesized by direct
polycondensation

9 8 7 3 0 ppm

Sample no. t(h) T(°C) Mn Mw  PDI

A1 36h 160°C 49,200 2, 69,800 5.47
A2 44h 160°C 52,700 5, 98,300 11.08
A3 52h 160°C 55,800 6, 50,300 11.23
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with the increase of polymerization time duration.
The results show when the polymerization was done
for 36 h, (sample A1) 2, 69,800 weight-average
molecular weight and 49,200 number average
molecular weight of the PLA was obtained, when the
polymerization time increased up to 52 h, (sample
A3) molecular weight of PLA obtained increased
up-to 6,50,300 weight-average molecular weight
and 55,800 number average molecular weight.
However, with the increase in reaction time duration
polydispersity index was also found to increase.
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Fig. 3. *C NMR spectrum of high molecular weight PLA

The molecular weight data obtained is
also supported by FTIR and 'H NMR spectroscopic
analysis. With the progress of the polymerization
reaction as the reaction time increases the number
of hydroxyl group present in polymeric chain
decreases, which is reflected by the decrease in
intensity of peak at 3507.5 cm™' attributed to O—H
stretching shown in Fig. 4 whereas the other peaks
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Fig. 4. FTIR spectrum of high molecular weight PLA
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present in Fig.1 and 4 remain almost the same. The
decrease in intensity of peak indicate the decrease
in amount of hydroxyl group present in polymeric
chain which further supports the earlier view of
increase of molecular weight of polylactic acid with
the increase in reaction time24293¢,

Figures 5, 6 and 2 show the '"H NMR spectra
of the synthesized polymers, on comparing these we
find that there are two sets of signals corresponding
to CH down field signals were attributed to (5.19,
5.20, 5.21) and due to the CH, may be assigned to
(1.56, 1.59, 1.60) respectively in the samples A1, A2
and A3. The down field shifts in the corresponding
samples are indicating higher molecular weights.
One 8(CH) at 4.03 which shows a downfield shift as
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Fig. 5. '"H NMR spectrum of PLA synthesized for 36 hour
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Fig. 6. '"H NMR spectrum of PLA synthesized for 44 hour

the polymer was increased to 5.19. Another 5(CH,)
at 1.23 in monomer that shows a downfield shift
because of polymerization increased to 1.46, which
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is indicative of high molecular weight. Espartero
et al.®* has done extensive study on NMR of low
and high molecular weight PLA and observed in the
case of 3C NMR that there is an upfield shift in the
absorption of CO carbon from 176.31 to 169.44 from
monomer to polymer. Carbon on CH, also shows a
similar trend whereas CH shows a downfield shift
with growth in polymer chain.

Kaitian et al.,?* synthesized polylactic
acid with two different approaches and found that
a high molecular weight polymer is obtained by
ring opening polymerization as compared to direct
polycondensation; ring-opening polymerization
utilizes lactides their production involves several
separation and purification steps which results in
the high cost of production by this method?. It has
been reported that it is very difficult to obtain high
molecular weight PLA by direct polycondensation
because of equilibrium between end products and
by-products and also for the removal of by-product
which is water. In direct polycondensation, it was
observed that a linear increase in molecular weight
was observed with the increase of temperature
upto 200°C. It is observed that with the increase of
temperature, the condensation equilibrium constant
increases which results in higher molecular weight?*
however, with the increase of temperature a higher
molecular weight is obtained accompanied by
discolouration of the product, which is the result of
oxidation.

Fukuzaki et al.,?' followed the direct
polycondensation route to synthesize polylactic
acid in nitrogen atmosphere without the use of
catalyst the number average molecular weight Mn
increased with the increase of reaction time at 200°C.
Initially, at the start of reaction the concentration
of reactant was more than the concentration of
product. As the reaction proceds, the concentration
of reactant decrease and concentration of product
increased, which shifts the equilibrium. As a result,
formation of PLA decreased when reaction was
allowed to run for a longer time without using the
catalyst. Therefore, to overcome this problem
several researchers have used different organic
and inorganic catalyst. Different researchers have
tried a wide range of catalyst, the different transition
metals and their salts. The various metals employed
were tin and its compounds and their combinations
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viz. powdered tin, stannous oxide, stannous lactate,
stannous octoate and stannous chloride, antimony
trioxide, titanium oxide, maleic anhydride, succinic
anhydride, para toluene sulfonic acid?® 2. 27. 3. 87-41
as catalyst. of the various catalysts tried Yamaoka
et al.,37 and Kim and Woo® found stannous chloride to
be the most effective and observed that number average
molecular weight as high as 40000 can be achieved.

In one of the studies it has been shown
that the number average molecular weight of PLA
increased with increase in polymerization time up to
20 h**. When reaction was allowed to run for longer
period the concentration of monomers decreased
with increasing molecular weight of PLA. With the
decrease in concentration of monomer unit the
concentration of terminal group such as hydroxyl
and carboxyl group also decreased, leading to the
decrease in polarity of the reaction medium which
resulted in the change of catalytic activity to favour
decomposition?°. This problem can be overcome
when binary catalyst such as SnCl,.2H,0/ p-toluene
sulfonic acid (TSA), SnCl,.2H,0/ maleic anhydride
(MA) and SnCl,.2H,0/ succinic anhydride (SA)
used for synthesis of PLA2%3040_ The proton acids
coordinated with vacant coordination sites of catalyst
to prevent the activity and reduced the discoloration
and depolymerisation404142, When the SnCl,.2H,0/
maleic anhydride (MA) and SnCl,.2H,0O/succinic
anhydride (SA) used as binary catalyst near about
150,000 molecular weight of PLA was obtained®.
Therefore when SnCl,.2H,O/p-toluene sulfonic
acid (TSA) used as a binary catalyst the molecular
weight increased up to 250,0002°42, The above
results proved that the binary catalyst SnCl,.2H,0/
p-toluene sulfonic acid (TSA) was most effective for
the synthesis of higher molecular weight of PLA.

We synthesized high molecular weight of
PLA by using SnCl,.2H,O/MAH with p-TSA proton
acid as a catalyst and by altering the sequence of
catalyst addition for a longer time period i.e. up to
50 hours. At start of the polycondensation reaction,
the rate of formation of polyester increased and that
was confirmed by observing the rate of formation of
by-product such as water. After some time, the rate
of formation of product decreased with the decrease
in concentration of reactant. Because of this the
catalyst such as SnCl,.2H,0 /maleic anhydride was
added into reaction mixture. After the addition of the
catalyst, the rate of forward reaction increased and
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suppressed the rate of reverse reaction, due to this
the formation of product was increased. But when the
condensation reaction was allowed to run for longer
time, the concentration of terminal group such as
carboxylic acid and hydroxyl group was decreased
with the increase in molecular weight of PLA. The
terminal group of PLA behaves like a ligand of
coordination site of the catalyst. The coordination site
of catalyst becomes vacant when the concentration
of terminal group decreases because of this
the catalytic behaviour gets changed and side
reaction such as depolymerisation start, as a result
several by-products are formed, causing serious
discoloration of product. To avoid this discoloration
as soon as it started immediately p-toluene sulfonic
acid was added into the mixture. The p-TSA fulfils
the vacant site of the catalyst, due to that the
catalytic activity was increased. Simultaneously the
polymerization reaction and the molecular weight of
PLA were also increased. As a result, we were able
to obtain approximately 600,000 molecular weight
of PLA without discoloration of product in direct
polymerization.

CONCLUSION

High molecular weight polylactic acid
synthesized at 160°C temperature and varying time
duration and by changing the sequence of catalyst
addition. The synthesized polymers polylactic acid
was confirmed by FTIR, '"HNMR and *C NMR
spectral studies. The high molecular weight PLA
was achieved by use of multiple catalysts and by
adding them at different time. First SnCl,.2H,0 was
added and reaction was allowed to run, after 20 h
of adding the first catalyst p-toluene sulfonic acid
was added and reaction was allowed to run for total
13,19 and 25 hours. The molecular weight of PLA
increased with increase in reaction time. GPC data
reveals that when the reaction time increased from
38 h to 50 h, the weight average molecular weight
indicated an increase from 2,69,800 to 6,50,300 and
the number average molecular weight also increased
from 49,200 to 55,800 whereas the poly dispersity
index showed an increasing trend from 5.47 to
11.23. The results obtained were also supported by
FTIR and 'H NMR spectral analysis.
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