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ABSTRACT: Melt/solid state polycondensation (MP/
SSP) is a cost-effective route for synthesis of high molecu-
lar weight poly(L-lactic acid) (PLLA). However, the reac-
tion rates in its four stages need to be enhanced greatly
and the reaction times to be shortened largely before the
MP/SSP technology can be industrialized. In this study, a
new catalyst addition policy, i.e., adding TSA at the dehy-
dration stage and SnCl2�2H2O at the MP stage, and more
appropriate temperature and pressure programs were pre-
sented and applied in the MP process of LLA. The pres-
ence of TSA from dehydration appeared very effective for
speeding up the dehydration and oligomerization stages
as well as depressing racemization in the whole MP pro-
cess. The polymerization degree (Xn) of oligomer was

clearly increased, and the reaction time was shortened to a
great extent. Direct using reduced pressure was also very
helpful for intensifying the dehydration stage, only leading
to LLA loss as little as 2%. A PLLA with Mw of 44,000 and
optical purity of 96.8% suitable for subsequent SSP was
produced after dehydration for 2 h, oligomerization for 2
h and MP for 4 h under appropriate conditions. And an
interesting strong dependence of the Mw of final PLLA
product on the Xn of the oligomer was observed. VC 2011
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INTRODUCTION

Poly(L-lactic acid) (PLLA) is an important biobased
and biodegradable polymer. PLLA has been com-
mercially produced by Natureworks etc via ring-
opening polymerization of L-lactide in large scale
and by Mitsui Toatsu via solution polymerization
(SP) in pilot scale1–5 and has found many end-uses
in biomaterials, fibers, disposable commodities, and
package materials because of its good mechanical
properties and excellent biodegradability and bio-
compatibility.6,7 However, new cost-effective manu-
facturing technologies are still very desired to
reduce the production cost and to enhance the mar-
ketability of PLLA.

Melt/solid-state polycondensation (MP/SSP) for
PLLA synthesis was first reported by Kimura and
coworkers.8,9 In the melt polycondensation process,
aqueous LLA solution is dehydrated and oligomer-

ized to get oligomer of LLA (OLLA), and then the
OLLA is melt polycondensed to produce PLLA pre-
polymer. In the SSP process, the PLLA prepolymer
is crystallized and finally polycondensed at solid
state to get high molecular weight PLLA. The four-
stage MP/SSP process is illustrated in Scheme 1. It
appears to be an attractive and promising route
for PLLA synthesis due to its cost effectiveness
which results from direct use of aqueous LLA other
than L-lactide. However, it has not yet been industri-
alized up to now even though many efforts have
been taken in the last decade,8–20 mainly because its
reaction rate is relatively low and thus very long
reaction time is needed to reach high molecular
weight.
Some typical results reported for MP/SSP of

PLLA are summarized in Table I. It can be seen that
all the four stages, especially dehydration, oligomeri-
zation, and SSP, need to be intensified to shorten the
whole reaction time from the viewpoint of engineer-
ing. With these in mind, we intensively investigated
all the four stages and obtained satisfactory
results.18–20 In this article, we report the intensifica-
tion of dehydration and oligomerization stages via a
new catalyst addition policy (see Scheme 1) and con-
dition optimization.
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EXPERIMENTAL

Materials

Aqueous L-lactic acid (LLA, 90 wt %, 98% optical
purity according to manufacturer) was purchased
from Jiangxi Musashimo Bio-Chem, China. Tin (II)
chloride dihydrate (SnCl2�2H2O), toluene-4-sulfonic
acid (TSA) and chloroform were all reagent-grade
chemicals and used as received.

Reaction procedure

The melt polymerization of L-lactic acid was carried
out in three successive stages: dehydration, oligo-
merization, and melt polycondensation, using
SnCl2�2H2O/TSA (TSA/Sn 1/1 mol/mol, SnCl2�
2H2O 0.4 wt % based on lactate units) as a binary
catalyst system. The detailed policies for catalyst
addition are listed in Table II.

Dehydration

Aqueous L-lactic acid (� 190 g) with or without cata-
lyst were added into a 250-mL preheated four-
necked flask equipped with a mechanical stirrer, a
thermocouple, a nitrogen inlet, and a condenser con-
nected to a pressure sensor and a vacuum system.
The dehydration was performed under a pressure of
2000–4000 Pa at predetermined temperature for 130

min. Water as well as a small amount of L-lactic acid
was removed and collected in a cold trap.

Oligomerization

The product after dehydration was further oligomer-
ized, using a reflux condenser to reflux L-lactide and
primary condensates of LLA back to the reactor. No
catalyst was added at this stage. The reaction was
conducted at a constant stirring speed of 500 rpm,
under 250–400 Pa and at predetermined temperature
for 2 h.

Melt polycondensation

The oligomer was further melt polycondensed in the
same reactor at 175�C/200–300 Pa and with suffi-
cient stirring for 4 h, with or without catalyst addi-
tion. The reaction system became viscous gradually,
indicating chain growth. After the PLLA melt was
cooled down, the yield (defined as the ratio of actual
mass of PLLA produced to theoretical value) was
gravimetrically determined and other properties
were characterized as follows.

Characterizations

The amount of LLA in the distillate collected in
dehydration stage is determined through a simple
acid-base titration using standard NaOH solution.
The number average polymerization degree (Xn)

during dehydration was roughly estimated from the
mass of water collected (mw) using eq. (1) where ma

was the mass of aqueous LLA and /LLA (¼ 90%)
was the weight fraction of LLA in it. It was sup-
posed that the free water in aqueous LLA was rap-
idly removed at the beginning of dehydration. The
Xn at the end of dehydration and during oligomeri-
zation was determined from the 1H-NMR spectrum,
see eq. (2), S5.2 and S4.4 represent the area of peaks
at 5.2 ppm (AOCH(CH3)COA) and at 4.4
(HOCH(CH3)A), respectively. The values of Xn (at
the end of dehydration) obtained in the two ways
agreed well with each other. The weight average
molecular weight (Mw) of the product after melt po-
lymerization stage was calculated with eq. (3) from
its intrinsic viscosity which was determined using

Scheme 1 Schematic diagram of four-stage MP/SSP pro-
cess. In traditional catalyst addition policy, both SnCl2�2H2O
and TSA are added at the MP stage; in our new policy, TSA
is added at dehydration stage and SnCl2�2H2O at MP stage
separately. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE I
Some Typical Conditions and Results Reported for MP/SSP of PLLA

Dehydration stage
Oligomerization Melt polycondensation Solid-state polycondensation

No T/�C, P/torr, t/h T/�C, P/torr, t/h xn T/�C, P/torr, t/h 10�3 Mw T/�C, P/torr, t/h 10�3Mw Ref

1 150, 760–100, 4 150, 30, 4 8 180, 10, 5 13 150, 0.5, 5 260–320 9,12,13
2 150, 760–30, 2 150, 30, 4 8 180, 10, 5 10-23 140–160, 0.5, 10 50–230 21
3 / 150, 30, 7 8 180, 10, 5 13 130–155, 2, 10–30 70–290 10
4 100, 760, 2 150, 760–1, 10 / 180, 1, 10 130 / / 22
5 / / / 180, 16–5, 18 91 160, 3–1, 24 134 8
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an Ubbelohde viscometer in chloroform solution at
30�C. Thus obtained Mw is equivalent to the Mw rela-
tive to polystyrene standard in GPC measurement.

Xn ¼ 1

1� mw�ð1�/LLAÞma

18/LLAma=90

(1)

Xn ¼ S5:2=S4:4 þ 1 (2)

½g� ¼ 1:13� 10�4M0:778
w (3)

The 1H-NMR and 13C-NMR spectra were recorded
using a Bruker Advance2B 400 MHz spectrometer
using CDCl3 containing 0.03% TMS as an internal
reference. 1H-NMR (ppm): 1.5 (HOCH(CH3)A), 1.6
(AOCH(CH3)COA), 4.4 (HOCH(CH3)A), and 5.2
(AOCH(CH3)COA); 13C-NMR (ppm): 16.7
(AOCH(CH3)COA), 69.1 (AOCH(CH3)COA), 169.6
(AOCH(CH3)COA).23,24

The specific optical rotation (½a�25D ) of PLLA was
measured in a chloroform solution of 1.0 g/dL at
25�C using an automatic polarimeter (WOPO IV,
Rudolph) at a wavelength of 589 nm. The optical pu-
rity (OP, %ee) was calculated from eq. (4) based on
the fact that the specific optical rotation of pure
PLLA without D-lactic acid unit is �156�.13

OPð%eeÞ ¼ ½a�25
D

�156
� 100 (4)

RESULTS AND DISCUSSION

In typical MP of PLLA, aqueous LLA is first dehy-
drated at atmospheric pressure (or low vacuum) and
low temperature to avoid loss of LLA monomer and

its primary condensates, and then oligomerized and
melt polycondensed at stepwisely reduced pressures
and increased temperatures to match with the con-
tinuous decrease of volatility and increase of viscos-
ity of the reaction system. The binary catalyst sys-
tem, SnCl2�2H2O and TSA (1/1 mol/mol),12 is the
most effective catalyst reported for PLLA polycon-
densation up to now. It is often added at MP stage
but not the first two stages because the high polarity
of water, LLA and its primary condensates at the
early two stages deteriorates the catalyst activity.12

The absence of catalyst and inappropriate tempera-
ture and pressure programs slowed down the rate of
the first two stages. We noticed that in the binary
catalyst system, only SnCl2�2H2O is sensitive but
TSA is tolerant to the high polarity. If the first two
stages are carried out in the presence of TSA and
using more appropriate temperature and pressure
programs, they may be greatly accelerated. So we
presented here a new catalyst addition policy, i.e.,
adding TSA at the dehydration stage and then
SnCl2�2H2O at the MP stage, and optimized temper-
ature and pressure programs to speed up dehydra-
tion and oligomerization.
To improve the pressure and temperature pro-

grams, the volatilities of water, LLA, L-lactide, and
OLLAi (i is Xn) were first estimated. The saturated
vapor pressure (P*) at various temperature was cal-
culated from the integral form of Clausius–Cla-
peyron Equation [eq. (5)], where DH, R, T, and C are
the evaporation enthalpy, universal gas constant,
temperature, and integral constant, respectively. The
DH was calculated using Advanced Chemistry De-
velopment software V9.04 for solaris (1994-2010
ACD/Lab), and C was calculated using eq. (5), see

TABLE II
Conditions and Results in Dehydration, Oligomerization, and Melt Polycondensation Stages in the Presence of

SnCl2�2H2O/TSA Catalyst System (0.4 wt % SnCl2�2H2O, TSA/Sn 1/1 mol/mol)

Run

Dehydrationa Oligomerizationb Melt polycondensationc

T (�C) Cat. add.d LLAL
e (%) Xn

f T (�C) Xn
g Cat. Add.d Mw

h (103) OPi (%) Yield (%) Clrj

1 140 None 1.6 2.6 160 6.1 TSAþSn 21.6 93.2 81.0 W
2 140 TSA/2 2.0 4.4 160 12.6 TSA/2þSn 25.3 96.5 85.4 W
3 140 TSA 2.2 5.7 160 17.6 Sn 44.4 96.8 80.0 SY
4 140 TSAþSn 4.5 6.1 160 18.6 None 26.7 97.2 81.5 W
5 140 TSA 2.9 6.1 160 17.0 TSAþSn 23.5 96.3 77.5 Y
6 130 TSA 2.4 4.7 150 13.2 Sn 24.7 98.3 80.9 W
7 150 TSA 8.1 7.4 170 22.0 Sn 52.4 96.3 68.6 SY

a Dehydration under � 3000 Pa for 130 min.
b Oligomerization under 250–400 Pa for 2 h.
c Melt polycondensation under 200–300 Pa for 4 h.
d Catalyst added.
e Loss of LLA.
f Polymerization degree at the end of dehydration.
g Polymerization degree at the end of oligomerization.
h Weight average molecular weight at the end of melt polycondensation.
i Optical purity.
j W, SY, and Y denote the color white, slightly yellow, and yellow, respectively.
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Table III. The boiling temperature (Tb) was also cal-
culated using the software and listed in Table III.
The partial pressure of LLA in a 90 wt% aqueous so-
lution was estimated by Raoult’s law, see eq. (6).
The calculated P-T relationships are shown in Figure
1. Although these results may be rough to certain
extent, they do indicate that (1) the volatilities abide
by such an order: water > LLA > L-lactide > OLLA2

> OLLA3 and (2) LLA is hardly to evaporate at
atmospheric pressure and temperature higher than
100�C, so the dehydration stage can be conducted
directly at reduced pressure. On the basis of these
P � T relationships, we carried out dehydration at
130–150�C/� 3000 Pa, oligomerization at 150–
170�C/� 300 Pa and melt polymerization at 170–
180�C/� 200 Pa. The conditions and results are
shown in Table II and Figures 2 and 3.

lgP� ¼ � DH
2:303RT

þ C (5)

Pi ¼ P�
i xi (6)

Figure 2 shows the growth of number average po-
lymerization degree (Xn) during dehydration at

140�C/� 3000 Pa and subsequent oligomerization at
160�C/� 300 Pa. The Xn grew slowly in both stages
in the absence of catalyst, reaching 2.6 after dehydra-
tion for 2 h and 6 after oligomerization for another 2
h. However, its growth rate increased clearly when
TSA was added at the very beginning of dehydra-
tion. The Xn reached 4.4 and 5.7 after dehydration
and 13 and 18.6 after oligomerization, when half and
total TSA were added, respectively. The addition of
TSA at dehydration was also beneficial to improve
the molecular weight (from 22,000 to 44,000) and

TABLE III
The Boiling Temperatures (Tb), Evaporation Enthalpies

(DH), and Integral Constants (C) of the Volatiles

Volatile Water LLA L-lactide OLLA2 OLLA3

Tb (
�C) 100.0 227.6 285.5 315.2 399.1

DH (kJ/mol) 42.31 61.62 52.45 64.51 75.11
C 10.90 11.43 9.91 10.73 10.84

Tb and DH were calculated using Advanced Chemistry
Development software V9.04 for solaris (1994-2010 ACD/
Lab); Cwas calculated using Clausius–Clapeyron Equation.

Figure 1 The calculated saturated (P*) and partial (P) vapor
pressure of L-lactide and OLLAs with various polymerization
degrees. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 2 Time evolution of polymerization degree (Xn)
during dehydration and oligomerization of LLA using dif-
ferent catalyst addition policies. (Dehydration: at 140�C
and under the pressure of 3000 Pa for 130 min; Oligomeri-
zation: at 160�C and under the pressure of 250 (400 Pa for
120 min). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 3 The time evolution of polymerization degree
(Xn) during dehydration and oligomerization of LLA at
different reaction temperature programs. (TSA was added
at the very beginning of dehydration. Dehydration: 3000
Pa/130 min; Oligomerization: 250–400 Pa/120 min). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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optical purity (from 93.2 to 96.8%) of the final prod-
uct after melt polycondensation, but no clear effect
on the final yield was observed. When SnCl2�2H2O
was added together with TSA at the beginning of
dehydration (Run 4), the Xn growths during dehy-
dration and oligomerization and the final optical pu-
rity after MP were similar to the case only TSA was
added (Run 3), but the final molecular weight was
smaller, suggesting deactivation of SnCl2�2H2O at
the early stages. Extra addition of TSA at MP stage
(Run 5) resulted in clear discoloration and decrease
of the molecular weight though the optical purity
kept unchanged, supporting the conclusion that a
1/1 M ratio of TSA to SnCl2�2H2O is optimal.12 All
these results indicated TSA was very robust in polar
media, and its presence was very beneficial for
shortening the times of dehydration and oligomeri-
zation. Therefore, the new catalyst addition policy,
i.e., adding TSA at dehydration and then SnCl2�
2H2O at MP, appears very helpful for polycondensa-
tion of LLA.

Figure 3 shows the growth of Xn during dehydra-
tion and oligomerization using the new catalyst
addition policy at various temperature programs,
130�C/150�C (Run 6), 140�C/160�C (Run 3), and
150�C/170�C (Run 7). Clearly, the Xn grew more
rapidly at higher temperature. It reached 7.4 after
dehydration at 150�C for 2 h and 22 after oligomeri-
zation at 170�C for another 2 h. The molecular
weight of the final product after melt polycondensa-
tion increased from 24,700 to 52,400 but the optical
purity decreased from 98.3% to 96.3% with increas-
ing the temperatures of the first two stages (from
130�C/150 to 150�C/170�C), see Table II.

The P�T data in Figure 1 suggest that LLA could
but OLLA was hard to be evaporated with distilla-
tion of water if dehydration was conducted at
140�C/� 3000 Pa. L-lactide had appropriate volatility
(� 2000 Pa) but it was seldom formed at this tem-
perature range. The loss of LLA was small under
such conditions. Only about 2% LLA was lost after
dehydration for 130 min. No clear dependence of
LLA loss on the amount of TSA added was observed
though the addition of TSA at dehydration enhanced
growth of Xn and therefore ought to be helpful to
certain extent to decrease LLA loss. This may be
attributed to the relatively large pressure fluctuation
and experimental error in determination of LLA
loss. When the dehydration temperature was raised
to 150�C, the partial pressure of LLA reached 4000
Pa, so the LLAloss clearly increased, reaching 8%. In
addition, the product after dehydration at 140�C/
� 3000 Pa for 2 h had an Xn of about 6 and therefore
had a weight fraction of LLA monomer less than 3%
according to Flory’s classical molecular weight dis-
tribution. Such product containing only a little LLA
was very suitable for next oligomerization at higher

temperature and under lower pressure. Therefore,
both the calculated P � T data and the experimental
results indicate that it is appropriate to conduct
dehydration at 140�C and � 3000 Pa.
For oligomerization at 150–170�C/� 300 Pa and

melt polymerization at 170 � 180�C/� 200 Pa, the
formation of L-lactide started. Under these condi-
tions, LLA, L-lactide, and OLLA2 were all volatiliz-
able. So, condensation and reflux of these volatiles
were necessary for oligomerization as well as melt
polycondensation. However, their losses were not
determined because of the difficulty in collecting
them under high vacuum.
The high optical purity obtained using the new

catalyst addition policy is attributed to the ability of
TSA to depress racemization from the very begin-
ning of the reaction. This was confirmed by 13C-
NMR spectrum of PLLA. As shown in Figure 4, in
addition to a single carbonyl signal at 169.55 ppm,
other signal assignments because of the racemic (r)
and meso (m) sequences of the lactate units25–29

were not clearly detected, indicating little racemiza-
tion. The improvement of optical purity is a desired
result because high optical purity will lead to high
crystallinity of the final product.30 As racemization
is resulted from ester exchange reaction via cleavage
of alkyl-oxygen bond, the less racemization in the
presence of TSA suggests that it is able to depress
this kind of ester interchange.
When the oligomers with various polymerization

degrees (Xn) were further melt polycondensed in the
presence of SnCl2�2H2O/TSA at 175�C/200–300 Pa
for 4 h, it was found that a small increase of Xn

(� 17) led to a very large increase (� 34,000) of the
weight average molecular weight (Mw) of the final
PLLA products, as shown in Figure 5. This

Figure 4 13C-NMR spectrum of PLLA (Run 3).
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interesting increase of Mw is not in agreement with
classical polycondensation kinetics. If the Mw growth
abided by a normal kinetics, i.e., it grew linearly
with reaction time, the increase of Mw should be as
large as the increase of the initial Xn. In further
study, we found that the melt polycondensation of
PLLA did exhibit a nonlinear Mw growth with reac-
tion time, which seems to be responsible for the
strong Xn-dependence of Mw. The kinetics and mod-
eling of melt polycondensation and intensification of
SSP will be reported later.

CONCLUSIONS

A new catalyst addition policy, i.e., adding TSA at
the dehydration stage and SnCl2�2H2O at the MP
stage, and more appropriate temperature and pres-
sure programs were presented and applied in melt
polycondensation of LLA to speed up the dehydra-
tion and oligomerization stages. The presence of
TSA from dehydration appeared very effective for
increasing polymerization degree of the oligomer
and shortening the reaction times as well as depress-
ing racemization. Dehydrating directly under
reduced pressure was also very helpful for removing
water and promoting the condensation reaction,
only leading to LLA loss as little as 2%. A PLLA
product with weight average molecular weight of
44,000 and optical purity of 96.8% was synthesized
after dehydration at 140�C/� 3000 Pa for 2 h, oligo-
merization at 160�C/� 300 Pa for 2 h and melt poly-
merization at 170–180�C and under � 200 Pa for 4 h.

And an interesting strong dependence of the final
molecular weight of PLLA after melt polycondensa-
tion on the polymerization degree of the oligomer
after the first two stages was observed. This phe-
nomenon will be further studied and reported later.
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