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ABSTRACT

Kinetics of thermal degradation of polylactic acid (PLA), a biodegradable and
bioabsorbable polyester, under atmosphere of inert gas has been invest-
igated. Isothermal and dynamic heating techniques of thermogravimetry have

been used in this study. The weight loss data versus time were recorded at
the temperatures of 180, 200, 220, 240, 260 and 280 .C, in the isothermal
heating experiments . Also, the weight loss data versus' temperature were
collected in dynamic heating pins conducted with the heating rates of 10, 15,
20 and 25 'Clmin . Two kinetic models, one for isothermal and the other for
dynamic heating experiments were utilized to fit the data. It is elucidated that
the thermal degradation of PLA is a single stage process within the range 0-
30% of weight loss, having activation energy of 21-23 kJlmol.
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INTRODUCTION

Polylactic acid is an aliphatic polyester with the
chemical structure shown in Scheme I . The polymer
can be synthesized with two forms of morphological
structure . Poly (L-lactic acid) is a semi-crystalline
material having 36% crystallinity, while poly(D,L-

lactic acid) is an amorphous polymer. Poly (L-lactic
acid) and poly(D,L-lactic acid) are known to be
degraded in biologically active media [1], releasing
lactide [2], the cyclic dimer of lactic acid as degrada-
tion product . The results of several histological
studies on lactide have shown that human and animal

bodies can metabolize lactide into carbon dioxide and
water without any local inflammatory response [3].
Hence, the polymers have found uses' as biodegra-
dable implant materials in dentistry [4], orthopaedics,
and drug delivery [5] ; and as bioabsorbable synthetic
suture material in surgery [6-9].

When a material has to come in contact with
living tissues of humans or animals, it requires steriliz-
ation in order to prevent body infection . Sterilization
can be achieved by ethylene oxide gas, high-energy
radiation and thermal exposure. Thermal sterilization is
commonly utilized in medical arena due to convenience
and simplicity of the process . If a polymer is needed
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Schema I . Chemical structure of polylactic acid, and its

dimer, lactide.

to be thermally sterilized, its thermal stability should
be known to prevent decomposition . Usually, prese-
nce of oxygen can aggravate polymer degradation.
Hence, thermal stability in the absence of oxygen is a
field of research that interests some workers.

Thermal degradation of polylactic acid (PLA)
has been investigated by a few workers [10,11] and it
is found that in the presence of air the polymer
undergoes thermal oxidative degradation with the
activation energy of 22-28 kcal .mol-l . The degrada-
tion process has been reported to be a single stage
type with lactide as the decomposition product [10].
The thermogravimetty analysis (TGA) studies con-
ducted on PLA suggest that the degradation kinetics
of the polymer follow the Avrami-Erofeev equation
[II] as eqn (I) for solid gas equilibrium.

[-In(1- a) l! "] = kt

	

(I)

Where, a is the fractional weight loss, rl is an
exponent and k is the rate constant.

In the chemical structure of polyesters, there
are at least two susceptible linkages, namely the
carbonyl carbon-oxygen linkage and the carbonyl
carbon-carbon linkage, which can undergo scission as
proposed by Gupta [Ill . He argued that in the early
stage of the thermal degradation of PLA, the carbonyl
carbon-oxygen bond cleavage is more efficient than
the others . The cleavage reduces the number of ester
linkages, and increases the total number of carbonyl

end groups. Gupta [11] also reported that as a result
of the total degradation the new chain end -COOH is
formed in polylactic acid.

In this communication, kinetics of thermal de-
composition of polylactic acid has been investigated
under the inert atmosphere of nitrogen gas, using
isothermal and dynamic modes of thermogravimetric
analysis.

EXPERIMENTAL

Materials

	

_
The poly (L-lactic acid) used in this study with Ma =
98,000, and PDI = 1 .5 was obtained from Boehringer
Ingelheim of Germany.

Thermogravimetry and Isothermal Heating Analyses
The thermal-induced weight loss of the sample was
measured in dynamic heating by thermogravimetry
analysis (TGA) and in isothermal heating by a Perkin-
Elmer TGA7 thermogravimetric analyzer. In order to
establish appropriate consistency in the heat transfer
to the samples and in the gas diffusion from them
during experiments, an evacuable die was utilized to
prepare samples of a uniform nature. A small disk of
0.4-0 .5 mm thickness was made from polylactic acid
powder using the die, being held under the pressure of
600 kg/cm2 for 10 min. The thermogravimetric
experiments were conducted on the disk samples of
5-9 mg held in a platinum pan under the gas flow,
40 cm3 lmin, of pure nitrogen . The derivative thermo-
gravimetry (DTG) was obtained using the Perkin-
Elmer TGA7 Multitasking Software Kit.

RESULTS AND DISCUSSION

The isothermal weight loss of ,poly(t.-lactic acid) was
investigated at 180, 200, 220, 240, 260 and 280 ' C.
The plots of weight percent remaining (1-X) % versus
heating time in isothermal heating experiments are
shown in Figure 1 . It can be seen that the amount of
weight reduction increases with temperature and time.

In order to calculate the activation energy of the
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thermal weight loss process from these experiments,
the method recommended by MacCallum [12-14] was
used. A rate expression for the global degradation
reaction is obtained from literature [15], and it is being

-d(1-X)-Id x)
dt

utilized in this analysis. In this expression, t is time, k
is the rate constant of the global degradation process,
f (1-X) is a function of the degree of degradation and
X is the extent of weight loss given by:

Wv W0 - W

W0 W0

where, Wo is the initial weight of the polymer, Wv is
the weight of polymer evolved as the volatile
fragments and W is the weight of the polymer at
anytime during the thermal degradation process.

It is also assumed that the variation of k with
temperature is of Arrhenius type:

k = Ae-E'RT

	

(4)

where, E is the activation energy, R is the universal

gas constant, T is the absolute temperature and A is
the pre-exponential factor.

Integration of eqn (2), yields:

F(1-X)=kt

	

(5)

f(1-X)

	

(6)

It can be assumed that, for an isothermal
experiment performed over a range of temperatures,
F(I-X) has the same value for a given conversion of
X . Therefore, by using the relationship of k for
temperature in eqn (4), the eqn (5) can be rewritten in
the form of eqn (7):

In(t)=ln(F(1-X))-ln(A)tE/RT

	

(7)

For a range of experiments at different temp-
eratures, the logarithm of the time taken to reach a
fixed conversion X plotted versus the reciprocal of
the experiment's temperature, in Kelvin, will thus
yield the activation energy, E. Hence, the In (t) data
deduced from Figure 1' was plotted against VI', as
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Figure 2. Plot of In(time to fixed conversion) versus 11 T

according to eqn (7).
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Figure 1 . Isothermal weight loss of polylactic acid at 180,
200, 240, 260 and 280 ' C (from top to bottom) .

(2)

(3)

where, F (I-X) is the integrated expression for f (1-X):

F(1-X)=-f d(1-X)

4
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Table 1 . Regression coefficients b[0] and b[1] of
In(t)=b{0]+b[1]l T and calculated activation energies (E) for

various degrees of degradation of polylactic acid.

X (%) -b [0] b [I] E (kJlmol)

2 21 .18 11 .48 22 .82 ± 13 .73

5 21 .17 11 .78 23 .42±0 .79

10 21 .00 11 .96 23 .77 ± 0 .89

20 18.96 11 .22 22 .30 ± 0 .45

30 17.47 10 .70 21 .27 ± 0 .52

shown in Figure 2 for various extents of weight loss.
The regression coefficients of the plotted lines;

intercept b[O] and slope b[1], were calculated by a
least square technique, and the global activation
energy, E, for the degradation was estimated from the
slopes as shown in Table I . It can be seen that E
remains almost constant with increased in extent of
weight loss. This suggests that the same pathway of
degradation reaction may be involved within the
range 0-30% of weight loss.

Thus, the activation energy for thermal
degradation of polylactic acid under the atmosphere
of inert gas was found to be 21-23 k7/mol . This value
is comparable with what has been reported in the
literature [10] for the activation energy of the
polymer's thermal degradation in air.

A plot of the intercepts obtained, b[0], from
these analyses, as given by eqn (7), against X will
allow extrapolation to X=O, which yields an
estimation of A, the pre-exponential factor in the
Arrhenius Equation for k. Figure 3 shows this plot
and the extrapolation technique yields the estimation
of A= 3x10 9, based on eqn (8).

Intercept ln[F(1-X)]-InA

A thermally stable residue was formed in all of the
isothermal thermogravimetry experiments conducted
at different temperatures . The amount of this residue
was greater at the lower temperatures . A probable
reason for the stability of the residue would be carbo-
nization of the polymer sample during the experiment.

In an investigation [16] on the kinetics of
thermal degradation for several polymers using the

Figure 3 . Plot of intercepts obtained from eqn (7) versus X

(%), the extent of weight loss.

same technique, it has been reported that there is a
correlation between the regression coefficients of b[0]
and b[1] . According to the correlation the values of
b[0] and b[1] at different percentages of weight loss
change in a special manner so that the value of the
rate constant, k , for the reaction remains constant.
The correlation has been found to follow a linear
relation, as demonstrated in eqn (9).

b[0]=a+[3b[1]

	

(9)

where, a and [3 are constants . No linear relationship,
the same as what has been mentioned in ref. 16 was
observed from our results.

Dynamic Heating Experiment
Thermogravimetry measurements on polylactic acid
were carried out at several heating rates, to compare
the results of isothermal TGA experiments with those
for dynamic runs . The thermograms for dynamic TGA
and their first derivatives acquired under nitrogen are
shown in Figures 4 and 5, respectively. The DTG
curves obtained at 10, 15, 20 and 25 'C/min consisted
of one peak, indicating that there is principally one
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Figure 4. TGA Curves for polylactic acid at various heating
rates,

reaction stage during thermal degradation of the
polymer, and that is most probably associated with the
loss of ester groups . This is in agreement with what
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Figure 5 . DTG Curves for polylactic acid at different heating
rates.
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Figure 6 . Kissinger plot of the TGA data at the heating
rates of 10, 15, 20 and 25 'Clmin for polylactic acid.

has been previously reported [10,11] for thermal
degradation of polylactic acid in air . There are several
methods for determining the kinetic rate constant
from TGA and DTG data . In this study, the more
general method, known as the Kissinger method [17],
was used to estimate the kinetic constant.

According to Kissinger's expn . [17], eqn (10):

	

1n(r)-1n(nR
.AWE

	

(10)

T„

	

E

	

RTm

in which r is the heating rate in the TGA experiment,
T,,, is the temperature at the maximum rate of weight
reduction, R is the universal gas constant, E is the
activation energy, A is the pre-exponential factor, W m
is the weight of the sample at the maximum rate of
weight loss, and n is the apparent order of the reaction
with respect to the sample weight . Thus the value of E
can be determined from a plot of lntrlT2m) versus 11T,n
for the various heating rates.

. By using the data from the peak of the DTG
curves prepared at heating rates of 10, 15, 20 and 25,
a curve ln(r/Tm) versus 11T m, as shown in Figure 6 was
obtained . The activation energy obtained for the
weight reduction reaction was thus found to be

-10 .8
1 .50
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17 .04±0 .91 kJlmol, which is close to the value
estimated from the isothermal heating experiments,
being 21-23 kJlmol.

CONCLUSION

The process of thermal degradation of poly(L-lactic
acid) under the atmosphere of nitrogen gas has been
found to be a single stage process within the range 0-
30 % weight loss . The reaction is found to have
activation energy of21-23 kJ/mol.

The small value of the activation energy for the
thermal degradation ofpolylactic acid (21-23 kJ/mol)
by comparison to other polymers indicates that poly-
lactic acid is highly sensitive to thermal treatment.

Polylactic acid was previously reported [18] to
be highly sensitive to gamma irradiation (G(R)'= 2 .3:

the efficiency of radical intermediates production
expressed by radiation-chemical yield G, which is the
number of molecules of material change or of the
product formed for each 100 eV of radiation energy
absorbed), and now it has been found that the polymer
is also sensitive to thermal exposure . This similarity
in the polymer performance towards heat and
radiation may be an evidence for a similarity in the
structural damage (i.e ., scission of carbonyl carbon-
oxygen bonds and carbonyl carbon-carbon linkages in
the main chain; and bond cleavage of the CH3 pendant
groups to the main chain) induced by the action of

heat and radiation.

REFERENCES

1. Chu CC. and Lourie M., "A chemical means to study the in
vitro hydrolytic degradation of' poly (lactic acid)", J. Appl.

Polym. Sci., 30, 8, 3I33-41, 1985.
2. Kulkarni R .K., Moore E .G., Hegyeli A.F . and Leonard F.,

"Biodegradable poly (lactic acid) polymers", J. Biomed.
Mater. Res., 5, 3, 169-81, 1971,

3. Kulkarni R .K., Pani K.C., Newman C . and Leonard F ., "Poly
(lactic acid) for surgical implants", (Walter Reed Army, Med.
Center, Washington, D.C.), AD 636716, 15 April, 1966 .

4. Miller R .A., Brady J .M., Cutright D .E., "Degradation rates of
oral resorbable implants", Biomed. Mater. Res., 11, 5, 711-
19, 1977.

5. Wise D.L ., "Lactic/glycolic acid polymers for controlled drug
delivery" Acta Pharm ., Sec. 13, SuppL, 1976.

6. Schneider A.K., "Polylactic suture", Fr. Patent 1,478,694,
April, 1967.

7. Chu C.C ., "Degradation phenomena 'of two linear aliphatic
polyester fibers used in medicine and surgery", Polymer, 26,
4, 591-4, 1985.

8. Chu C.C ., "The degradation and biocompatibility of suture
materials", CRC Crit. Rev. Biocompat, 1, 3, 261-322, 1985.

9. Chu C .C. and Lecaroz L .E ., "Design and in vitro testing of
newly made biocomponent fabrics for vascular surgery",
Polym . Mater. Sci., 53, 400-4, 1985.

10.Gupta M .C. and Deshmukh V.G ., "Thermal oxidative
degradation of poly (lactic acid), Part I: Activation energy of
thermal degradation in air", Colt. Polym. Sci., 260, 3, 308-11,
1982.

11.Gupta M.C. and Desltmukh V.G ., "Thermal oxidative
degradation of poly (lactic acid), Part II : Molecular weight
and electronic spectra during isothermal heating", Colt

Polym. Sci., 260, 5, 514-17, 1982.
12.Atkinson J. and MacCallum I .R., "Kinetics of thermal

decomposition of polymers", J. Polym . Sci., Part A-2, 10, 5,
811-822, 1972.

13.MacCallum J .R.

	

and

	

Tanner J.,

	

"Kinetics of
thermogravimetry", Ear. Polyet. J., 6, 6, 970, 1970.

14. MacCallum J.R. and Tanner J., "Comparative study of some
methods of assessing kinetic parameters from
thermogravimetric analysis", Ear. Polym . .1., 6, 6, 907-17,
1970.

15.David P.K., "The aging compensation effect: Correlation of
different thermal lifelines of the same material", Trans. Elec.

bout., 23, 6, 1057, 1988.
16.Gupta M.G . and Nambiar J, "Thermal degradation of

polystyrene", Coll. Polym. Sci ., 259, 11, 1081-3, 1981.
17.Kissinger H ., Mronga S . and Gemmecker G., "A method of

assessing kinetic parameters from differential thermogravi-
metric analysis", Magn. Resort . Chem ., 29, 527, 1991.

18.Babanalbandi A., Hill D .J .T ., Pomery PJ. and Whittaker A.,
"An electron spin resonance study on y-irradiated poly(L-
lactic acid) and poly(D,L-lactic acid)", Polym. Deg. and Stab.,
50, 297-304, 1995.

376

	

Iranian Polymer Journal i Volume 10 Number 6 (2001)


	page 1
	page 2
	page 3
	page 4
	page 5
	page 6

