Progress In Electromagnetics Research Symposium Proceedings, KL, MALAYSIA, March 27–30, 2012 141

A Simultaneous Cooling and Dielectric Heating: An Advanced
Technology to Improve the Yield of Lactides
Ani Idris1 , Attaullah Bukhari1 , Noordin Mohd Yusof2 , and K. G. Tan3
1

Department of Bioprocess Engineering, Faculty of Chemical Engineering
Universiti Teknologi Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia
2
Department of Manufacturing and Industrial Engineering, Faculty of Mechanical Engineering
Universiti Teknologi Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia
3
Synotherm (SEA) Pte. Ltd., Malaysia

Abstract— Lactides with improved yield are prepared by depolymerization of oligo (lactic acid)
under simultaneous cooling and microwave heating. The influence of microwave power input
and its non-thermal effects on the yield of lactides are investigated. By increasing microwave
power input, increased yield of lactides is obtained at 180–220◦ C at reduced pressure. Combined
application of simultaneous cooling with microwave heating further increased the lactides yield.
The removal of lactides during reaction shifts the equilibrium to the right. Simultaneous cooling
enhances the absorbance of microwave irradiation into reactants; though increased yield of lactides
is not only due to thermal effects of microwave irradiation. Maximum 85% yield of lactides is
obtained at 500 W microwave power at 180–220◦ C and < 20 torr.
1. INTRODUCTION

Lactides are precursors for preparing high molecular weight, biodegradable polylactide acid by ring
opening polymerization. In general, synthesis of lactides comprises of three stages (i) concentration
of aqueous lactic acid (de-watering) (ii) oligomerization (dehydration) (iii) after the preparation
of lactic acid oligomers of appropriate molecular weight lactide synthesis (depolymerization of
oligomers) is performed.
Synthesis of lactides involved the back-biting reaction or transesterification. Lactides preparation can be performed in the presence of catalyst or without catalyst at elevated temperature.
In 1932 Carothers reported linear polyesters are readily depolymerized due to high probability of
close approach of atoms and consequently six atoms (cyclic ester) apart from the chain [1]. In
back-biting reaction OH end group of oligomers attacks on the partially positive carbonyl carbon
(+δ C=δ− O) [2] as shown in Figure 1.
Operating conditions and reaction time for preparing lactides influence the cost and quality
of poly lactide acid intensively [3]. At present, the trend to replace the conventional mode of
heating by microwave irradiation is rapidly increasing. However, when considering the interaction
of microwaves with materials, microwave irradiation is not simply dielectric heating; rather a specific
activation effect of microwaves are involved in the chemical reaction [4]. Microwave power input
plays a critical role in the organic synthesis. 200 W microwave irradiation input has been reported
as the most suitable microwave power input in depolymerization (lactide synthesis) of lactic acid
oligomers to improve the yield. Increasing the microwave irradiation power input to more than
200 W results in carbonization of substrate and byproducts [5].
Unlike the direct heating (conventional heating where boiling of solvent start at the walls of
container) dielectric heating causes hot spots that leads to superheating effect [6]. Microwave
irradiation plays two roles in the synthesis reaction, which are known as thermal effect and nonthermal effect [7]. However, non-thermal effects in lactide synthesis is yet controversial [5, 8],

Figure 1: Schematic diagram of back-biting reaction of lactic acid Oligomers.
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In lactides synthesis apparatus set up is very critical as the vapor pressure of lactides is very low.
Therefore in order to enhance the yield of lactides, during synthesis, through vacuum distillation of
lactides, it is very important to remove the gaseous product from reaction mixture as its formation
tends to move the reaction to the right. However, it is difficult to use the oil bubbler as the optimum
operating pressure required is very low.
Uneven microwave energy distribution and irregular increase in temperature are the problems
encountered in pulsed mode microwave irradiation. To overcome the drawbacks of pulsed microwave
irradiation a continuous microwave irradiation mode is preferred [5]. To date a few reports on microwave assisted synthesis of lactides have been found in literature. The potential of simultaneous
cooling and microwave heating technology has not been explored yet in lactide synthesis. Simultaneous cooling and microwave heating allow for higher levels of microwave energy to be introduced
into a reaction mixture. Up to 35% increment in product yield has been reported compared to
microwave assisted synthesis without the use of both cooling and dielectric heating [9]. In this
research work improved yield of lactides under the effects of simultaneous cooling and microwave
irradiations is reported. In addition, lactide were synthesized by conventional methods under the
same temperature and pressure so as to compare their yields thus explains for the differences in
performances.
2. EXPERIMENTAL SECTION
2.1. Materials

L-lactic acid (88–92%) was purchased from Sigma-Aldrich. An analytical grade acetone was used
to recover lactides. Toluene was used for recrystallization.
2.2. Preparation of Oligo (L-Lactic Acid) (OLLA)

OLLA was prepared by dehydrating 88–92 wt. % aqueous solution of L-Lactic acid first at 760 mm Hg
for 2 hours, then at 100 mm Hg for 2 hours and finally at 30 mm Hg for another 4 hours. The final product obtained was a viscous liquid of oligo (L-lactic acid) (OLLA) [10]. This was the first
step for the synthesis of L-lactides. The syntheses of L-lactides were performed using 3 different
heating techniques: i) conventional heating, ii) microwave heating, iii) simultaneous cooling and
microwave. Three different temperatures were used during the experiment ranging from 120, 150
and 180–220◦ C at a pressure of less than 20 torr. Upon obtaining the optimum temperature, experiments were performed at various pressures; atmospheric, 100 torr and less than 20 torr. Finally
microwave power input was varied from 300 W to 500 W at optimum temperature and pressure.
2.3. Microwave Assisted Synthesis of L-lactide

60 g of OLLA was poured into a three-neck round bottom customized flask. The flask was placed
in the cavity of the microwave. A condenser attached to the receiver, cold trap and vacuum system
was connected to the reaction flask outside the reactor. Magnetic stirrer was used for stirring. The
experiments were performed in MAS-II Microwave Synthesis Workstation. The reaction flask was
specially fabricated so as to include cooling. Provision of cold air was made: whereby compressed
air was passed through a cold air gun where subsequent cold-air at −10◦ C was used as a source of
cooling. In this set up a 1 liter reaction volume was used. Temperature of condenser was maintained
between 80–90◦ C. Temperature of reaction mixture was measured directly by using infrared (IR)
thermocouple and was controlled by feed back mechanism. To optimize the effect of pressure on
yield, experiments were performed at three different pressures; 760 torr, 100 torr and less than
20 torr. Reduced pressure was found to be influential on yields therefore <20 torr was selected for
rest of experiments. Similarly 180–220◦ C temperature was found to be the optimum range for
lactides synthesis. After achieving optimum temperature and pressure, three level of continuous
microwave irradiation power were used: 300 W, 400 W and 500 W. Reaction temperature range
was set at 180◦ C–220◦ C. Upon reaching the said temperature, reaction was allowed to continue
until no more distillate was observed for each microwave input. Pressure was then reduced to
10 mm Hg. Lactide vapor phase was frequently stripped (flashed) by using compressed nitrogen.
After approaching the temperature at 170◦ C unzipping reaction of OLLA started and crude lactide
distillation commenced. Crude lactide was collected in the receiving flask. A little amount of crude
lactides was also collected in the cold trap. Small quantities of lactides accumulated at adaptors,
in condenser and at different connections were carefully collected by toluene. Crude lactide was
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purified by recrystallization using the toluene. Percentage yield of lactides was calculated as:
Amount of (D, L − Lactides, Meso lactides)
× 100
Amount of Crude lactides

Yield of lactides (%) =

2.4. Simultaneous Cooling and Microwave Heating Assisted Synthesis of Lactides

In simultaneous cooling and dielectric heating, the similar setup as mentioned in Section 2.3 was
used except that the reaction flask used is a jacketed type. The fabricated jacketed reaction flask
used was a three-neck round bottom flask where compressed air via cold air gun was passed through
the jacket of the flask.
2.5. Synthesis of L-lactide by Conventional Heating

60 g of OLLA was poured into a three-neck round bottom flask. The flask was clamped and placed
on the hot plate, a condenser was attached to the receiver, cold trap and vacuum system was
connected to the reaction flask. Magnetic stirrer was used for stirring. Temperature of condenser
was maintained between 80–90◦ C. Temperature of reaction mixture was measured directly by using
a thermocouple.
2.6. Analysis of Samples

For lactides analysis 1HNMR spectra were recorded by using Bruker AV300 spectrometer. Deuterium trichloromethane (CDCl3 ) as solvent and tetramethylesilane (TMS) as internal standard
were used. Three isolated doublet were detected at δ: 1.65–1.68, 1.70–1.75, and 1.45–1.64 as shown
in Table 1.
3. RESULTS AND DISCUSSION

Reaction temperature and reduced pressure are very critical parameters in lactides synthesis. Lactides formation at 170◦ C under microwave irradiation was observed as reported in literature [8].
However, least yield (3.5%) was obtained at 170◦ C as it is the commencing temperature of back
biting reaction of oligomers [8]. Figure 2 represents the results of lactide yields at the various temperatures at a constant pressure of 20 torr. Upon comparing the 3 methods, it was observed that
the simultaneous cooling and microwave heating technique gave the highest yield at temperatures
of 180–220◦ C. The lactide yields between the CH and MW heating technique were almost similar
Table 1: 1HNMR results.
Isolated doublet at δ:
1.65–1.68
1.70–1.75
1.45–1.64

Components
L/D lactides
Meso-lactides
Oligomers (PLA)

90
80
Yield of lactides (%)

70
60

100°C
150°C
180-220°C

50
40
30
20
10
0

Conventional
Heating

Microwave heating

Simultaneous
Cooling and
Micro.Heating

Figure 2: Effect of temperature on the yield of lactides at pressure <20 torr for the different depolymerization techniques of lactic acid oligomers.

Figure 3: Effect of reduced pressure on the lactides
yield at 180–220◦ C for the different depolymerization techniques of lactic acid oligomers.

PIERS Proceedings, Kuala Lumpur, MALAYSIA, March 27–30, 2012

144

except when it was performed at lower temperatures at 120 and 150◦ C where the MW technique
seems to perform better giving slightly higher yields. The results also revealed that regardless of
the technique used when reaction is performed at 180–220◦ C the yield obtained is the highest.
Figure 3 depicts the results of lactide synthesis performed at a temperature of 180–220◦ C but
at reduced pressures of 760 torr, 100 torr and less than 20 torr. The results illustrated that an
increased in yield occurred when pressure is reduced from 760 to pressures less than 20 torr. By
lowering the pressure at optimum temperature, the yield was increased for all the different heating
techniques. However the improvement in lactide yield was tremendous when simultaneous cooling
and dielectric heating technique was applied (Figure 3).
Once the optimum temperature and pressure were ascertained, the influence of microwave input
power on yield of lactides was assayed. Out of the three MW power inputs, 300 W, 400 W and 500 W
maximum yield was observed at microwave energy level of 500 W (Figure 4). During the irradiation
of different energy levels, temperature and pressure was maintained at 180–220◦ C and < 20 torr
respectively. However for few seconds, deviations in the said temperature were observed as a result
of change in the composition of reaction mixture (polarity of oligomers). In 1 HNMR spectrum
of the products, three isolated doublets were detected at δ: 1.65–1.68, 1.70–1.75 and 1.45–1.64
which were assigned as methyl groups of L, D lactides, meso lactides and oligomers respectively,
as reported by Yoo et al. 2006 [2] as shown in Table 1. However it was impossible to distinguish
between the methyl group of L-lactide and D-lactide by 1 HNMR analysis. Reaction was continued
until no more distillation was observed. Since very short time difference was found between postdistillation and carbonization, therefore the reaction was stopped just before carbonization. The
carbonization of substrate at higher microwave power is more likely [5].
It should be noted that during all the operations, the gaseous lactides were removed from the
microwave reactor by passing compressed nitrogen and this enhanced the yield of lactides and made
recovery easier. Frequent removal of gaseous lactides shifts the equilibrium between oligomers and
lactides to right [11]. Application of simultaneous cooling during microwave heating surprisingly
increased the yields of lactides, under optimum conditions achieving maximum 85% yields of lactides
(Figure 3). Since cooling allowed more microwave energy levels to penetrate the reaction mixture,
simultaneous use of cooling and microwave heating can increase the yield of products [9, 12–14].
By increasing the microwave power input lactides yield was increased consequently, at optimum
temperature and pressure. However, in parallel, such phenomenon was not observed in conventional
synthesis under optimum temperature and pressure; yield cannot be increased and only 38% yield
was observed.
Apparently it appeared that increased penetration of microwave irradiations under simultaneous
cooling promoted the specific activation effects of microwave irradiation thus enhancing the rate
of reaction. Increased yield of lactides was attributed to a specific activation effect of microwave
irradiation induced by enhanced penetration of microwave irradiation under simultaneous cooling,
in addition to thermal effect of microwaves. These results agreed with Bose et al. findings that
reaction rate enhancement under microwave irradiation is not due to thermal heating [15].
Overall yield of lactides starting from the aqueous solution of lactic acid can be further increased
by concentrating the aqueous distillate (containing lactic acid and low molecular weight oligomers)
obtained during the oligomerization and by hydrolyzing the residue (polylactic acid, oligomers and
lactic acids) in reaction flask for generation of oligomer feed.
90
85
%yield of lactides

80
75
70
60

70
%Yield w/out cooling
%Yield with cooling

50
40
30

40
Mw=300W

43

47
38

Mw=400W Mw=500W Conventional

Figure 4: Effect of microwave power input under simultaneous cooling and heating, on the yield of lactides
at 180–220◦ C and < 20 torr pressure.
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4. CONCLUSION

A novel technique for preparing high yield of lactides was developed. It was concluded that employment of simultaneous cooling and microwave heating is a very influential technology to improve
the yield of lactides. The technique is simple, saves energy and time, and can effectively reduce the
production cost of precursors, lactides and subsequently of polylactides. Upon comparing the different techniques for lactides synthesis it can be concluded that improved yield of lactides was not
only due to thermal effects but rather it was the result of combined effect of thermal and microwave
specific effect. Simultaneous cooling along with microwave heating is advantageous over conventional and microwave heating for enhanced rate reaction and benign conditions. It is a potential
novel route for lactides preparation.
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