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Abstract

Poly(lactic acid) (PLA) is one of the most important polyester bioplastics, produced from agricultural renewable resources
and due to its excellent properties already has found applications in several industrial sectors, including packaging. Its
amount, relative to PET, in the waste stream is continuously increasing. Although waste bioplastics are biodegradable, the
process sometimes needs long degradation times. Therefore, sufficient recycling techniques should be developed in terms
of sustainable chemistry. Hydrolysis of PLA under microwave irradiation in an alkaline solution was investigated aiming
in the chemical recycling of this biodegradable polymer and the recovery of the monomer, lactic acid. Several process
parameters were examined, including the presence or not of an alkali solution, its amount and concentration, the presence
or not of methanol in the reaction medium, together with reaction temperature and time. Moreover, several phase transfer
catalysts were employed at various relative amounts to PLA. Reaction temperature, pressure and microwave power did not
change significantly during degradation. Optimum experimental conditions, leading to PLA degradation more than 90%,
were achieved using hexadecyltrimethylammonium bromide as phase transfer catalyst in a 10% w/v NaOH medium at 100 °C
for 10 min irradiation time. Using such low temperature and degradation times results in great environmental benefit since
it does not consume significant amount of energy compared to other similar techniques proposed in literature and thus leads
to the sustainability of the process. Therefore, it seems to be a very efficient method to be used in the recycling of large
amounts of this polymer.

Keywords PLA - Alkaline hydrolysis - Microwave irradiation - Degradation - Phase transfer catalyst

Introduction

Nowadays the large amount of plastics coming from packag-
ing, waste electric and electronic equipment or automobile
industry, and ending in the final recipients, together with
their low biodegradability has created a serious environmen-
tal problem. Therefore, the trend to replace in large scale
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production of consumables, the traditional petrochemical-
based polymers with biodegradables having similar proper-
ties, has gained considerable interest over the past few years
[1]. Poly(lactic acid) (PLA) is one of the most important
polyester bioplastics, produced from agricultural renewable
resources and already found applications in several industrial
sectors, including packaging [1]. Besides its biocompatibil-
ity, due to its good mechanical properties it will soon replace
several commodity polymers in several plastics applications
[1, 2]. Already the amount of PLA relative to PET in the
waste stream is estimated at 7% and is continuously increas-
ing [2]. Although the waste bioplastics including PLA are
biodegradable and the degradation products usually are non
toxic, the process sometimes needs long degradation times.
Therefore, sufficient recycling techniques should be devel-
oped in terms of sustainable chemistry [3].

At present, mechanical recycling of PLA, as in most
other polymers, is one of the most widespread methods due
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to its easy implementation [4]. However, it results in the
deterioration of polymer’s physicochemical and mechanical
properties [5]. Chemical recycling, as an alternative method,
has drawn much attention, recently since secondary value-
added materials can be produced [6—7] including in the case
of PLA, the monomer lactic acid. Thus, chain scission to
functional macromolecules has been proposed [8—9], ther-
mal degradation to lactides [10] and hydrolysis to lactic
acid [11—14]. The later seems to be a promising technique
and several alternative experimental conditions have been
explored. Piemonte and Gironi [11] proposed hydrolysis at
160 to 180 °C for 120 min to result in nearly 95% degrada-
tion of PLA to lactic acid. Iniguez-Franco et al. [13] per-
formed experiments in much lower temperature; though the
required degradation time at 90 °C was as much as 20 h.
Complete degradation of PLA was achieved by Annesini
et al. [15] at low reaction times, 35 to 90 min, though using
increased reaction temperatures at 170 to 200 °C. For the
degradation of water soluble PLA oligomers, a temperature
ranging from 40 to 120 °C was employed by Codari et al.
[14] at times ranging from 3 to 50 h. The hydrolytic degra-
dation of low molecular weight PLA was also investigated
by Proikakis et al. [16]. The group of Fusheng Liu has also
published a number of papers on the alcoholysis of PLA to
obtain lactate esters or hydrolysis to calcium lactate using
halide or ionic liquids as catalysts [17—20].

Most of previous studies on PLA degradation through
hydrolysis usually require large quantities of energy by using
either high temperatures or prolonged degradation times.
Considering also that some of the catalysts used may be
corrosive, there is a great need to find an environmentally
friendly solution for the chemical recycling of this important
polymer. To this direction, following the approach applied
from our group in the chemical recycling of other polyesters,
such as PET or PC [6, 21-23], hydrolysis of PLA in an alka-
line solution was employed using an appropriate phase trans-
fer catalyst. Furthermore, the main innovative point of this
research was to conduct the reaction under microwave irra-
diation. This way of providing energy to a reacting system
has been shown to result in much lower degradation times or
temperatures in several other polymer types [21]. Thus, the
monomer lactic acid can be produced from the degradation

Scheme 1 Chemical formula of
the phase transfer catalysts used
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of PLA using low amounts of energy either in the form of
low degradation temperature or short time. Therefore, this
method shows great potential for the chemical recycling of
PLA in large amounts showing both economic and environ-
mental benefits.

Experimental Section
Materials

The PLA used was the Igneo Biopolymer 3052D (from
NatureWorks) with MFR 14 g/10 min at 210 °C and 2.16 kg.
NaOH was purchased from Penta (purity >98%). The phase
transfer catalysts used were, (2-dimethylaminoethyl) triph-
enylphosphonium bromide ((2DME)-TPPB) (Lancaster),
hexadecyltrimethylammonium bromide (HTMAB) obtained
from Fluka Chemicals and aqueous solution of Hexadecyl-
trimethylammonium chloride (HTMAC), 25 wt%, from
Aldrich. The chemical structure of these catalysts is shown
in Scheme 1. All other chemicals used were reagent grade.

Hydrolytic Depolymerization

The PLA decomposition reaction was conducted in a micro-
wave reactor (model Discover from CEM corporation),
equipped with a digital temperature control system and
pressure sensors inserted directly into the 10 mL polyte-
trafluoroethylene (PTFE) reaction tube. Pellets of sodium
hydroxide (10 g) were dissolved in 100 mL of distilled water
and the resultant NaOH solution (2.5 M, 10% w/v) was used
for the experiments. Several other concentrations were also
used. PLA flakes of almost 2 mm (0.5 g) together with 4 mL.
of NaOH solution were added to the reactor together with
a magnetic agitator. The tubes were filed with nitrogen to
retain inert atmosphere, sealed and the heat-up period to
the desired set-point started. In some experiments 0.05 g of
HTMAB (1:10 w/w PLA) or other phase transfer catalyst
(PTC) were also fed into the reactor. When the set tempera-
ture was achieved the reaction time begun and PLA decom-
position was followed for a specified time period.
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After that time period, the reaction vessels were automati-
cally cooled and the reaction mixture was filtered to remove
the unreacted PLA residues. The mixture was washed with
distilled water followed by washing with methanol to remove
excess of NaOH. The final unreacted PLA was measured
upon filtration of the final mixture through a G3 glass fil-
ter, washing with water, drying in a vacuum oven at 40 °C
and weighing. The filtrate, which includes the degradation
products (monomer and oligomers), excess of NaOH and
the PTC was cooled at 4 °C for some days in a sealed tube,
where a solid powder was formed and precipitated. The solid
was filtered and washed with cold distilled water and then
dried in a vacuum oven at 40 °C and weighed. No further
acidification or other treatment was conducted.

The percent PLA degradation was estimated form the fol-
lowing equation

W — Whppas
PLA degradation = _Ad PR 100,

WPLA 0

where Wpy 4 o and Wp 4  refer to the initial and final
weight of PLA, respectively.

Measurements

The chemical structure of the separated PLA and of the oli-
gomers (possible lactic acid) was confirmed by recording
its IR spectra. The instrument used was an FT-IR spectro-
photometer from Perkin-Elmer, Spectrum One. The tech-
nique used was that of Attenuated Total Reflectance (ATR-
FTIR) since solid materials were used. The material in the
reflectance plate was ZnSe and the angle was set at 45°. The
resolution of the instrument was 4 cm™". The recorded wave-
number range was from 700 to 4000 cm~! and 32 spectra
were averaged to reduce the noise. A commercial software
Spectrum v5.3.1 (Perkin Elmer LLC 1500F2429) was used
to process and calculate all the data from the spectra.

Results and Discussion
Reaction Medium and Catalyst Screening

Initially, some screening experiments were performed in
order to select the optimum reaction medium and catalyst
system. Thus, initially the reaction medium was pure dis-
tilled water without any added catalyst and the reaction tem-
perature and time were kept constant at 150 °C and 15 min,
respectively. Results appear in Table 1. The amount of PLA
depolymerized was very low, nearly 1%. Therefore, a cata-
lyst usually used in such experiments was employed, i.e.
Zinc acetate. However, the depolymerization degree was
still low. After the addition of the phase transfer catalyst

@ Springer

Table 1 PLA depolymerization under microwave irradiation in aque-
ous medium with or without the addition of specific catalysts (1:10
w/w PLA)

Entry Medium Catalyst T(°C) t(min) PLA depo-
lymerization
(%)
H,O0 - 150 15 1.2
H,O0 (CH;C00),Zn 150 15 1.0
H,O HTMAB 150 15 1.9

Table2 PLA depolymerization under microwave irradiation in meth-
anol or NaOH solution at 5 and 10% w/v concentration using differ-
ent types of catalysts at 1:10 w/w PLA

Entry Medium Catalyst T (°C) t(min) PLA depo-
lymerization
(%)
CH,;O0H HTMAB 150 15 11.9
2 NaOH, 10% HTMAB 150 15 94.0
w/v
3 NaOH, 5% (CH;COO0),Zn 150 15 11.9
w/v
4 NaOH, 10% (CH;COO0),Zn 150 15 14.3
w/v

HTMARB the degree of depolymerization slightly increased,
but the amount measured was again lower than 2%.

Furthermore, in order to improve depolymerization
degrees the reaction medium was changed to either alco-
holic or alkaline. In the first case methanol was used in the
presence of HTMAB, whereas in the second NaOH solu-
tion was employed at two concentrations 5 and 10%. Results
appear in Table 2. From the results illustrated in Table 2 it
was clear that use of methanol results in a rather low PLA
depolymerization degree (almost 12%), whereas the alka-
line solution was proved to be a better medium compared
to methanol. Therefore, a NaOH solution was further used
in all experiments. Moreover, compared to Zinc acetate, it
seems that the phase transfer catalyst, HTMAB, results in
much higher comparative depolymerization degrees. Hence,
(CH;COO0),Zn was not used further.

The type of the phase transfer catalyst was further inves-
tigated and results appear in Table 3 for three different com-
pounds, namely (2-dimethylaminoethyl) triphenylphos-
phonium bromide, (2DME)-TPPB, Hexadecyltrimethyl
ammonium bromide (HTMAB) and Hexadecyltrimethyl-
ammonium chloride (HTMAC).

Initially, it was clear that changing the anion from bro-
mide to chloride did not result into any significant change
in the depolymerization degree. In this investigation we pre-
ferred to use HTMAB instead of HTMAC since this catalyst
was also used in the depolymerization of PET under similar
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Table 3 PLA depolymerization in alkaline solution and under micro-
wave irradiation using different types of phase transfer catalysts (1:10
w/w PLA)

Entry Medium Catalyst T (°C) t(min) PLA depo-
lymerization
(%)
1 NaOH, 10% HTMAB 70 10 66.1
w/v
2 NaOH, 10% HTMAC 70 10 66.1
w/v
3 NaOH, 10% (2DME)- 70 10 55.3
w/v TPPB

experimental conditions [6] and therefore we could have
compare results. Furthermore, the phase transfer catalyst
used, HTMAB, fulfilled the requirements of having enough
organic character in order to be lipophilic, while small
enough in order to avoid steric hindrance [6]. In contrast,

Fig. 1 Effect of the alkaline
concentration (a) and amount of
alkali added (b) on the degree
of PLA degradation during
alkaline hydrolysis of PLA
using HTMAB as a phase trans-
fer catalyst at 0.1 g/g of PLA,
under microwave irradiation at
100 °C for 10 min

PLA depolymerization (%)

PLA depolymerization (%)

it seems that (2DME)-TPPB has also a lipophilic character
but the bulky groups lead to steric hindrance phenomena
resulting in slower reaction rates compared to HTMAB.
Therefore, additional experiments were carried out using
always HTMAB as a PTC.

From the above analysis it was clear that better results are
obtained when using an alkaline solution with the addition
of a phase transfer catalyst and particularly HTMAB. Spe-
cific additional reaction parameters were further investigated
and appear in next section.

Effect of Alkaline Solution Concentration
and Amount

The effect of alkaline concentration on the amount of PLA
degradation is illustrated in Fig. 1a. It can be seen that PLA
degradation presents a maximum at 10% w/v reaching
almost 90% at 100 °C and 10 min of degradation time. Deg-
radation significantly increases from 5 to 10% w/v, whereas
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afterwards it decreases to 63% at 20% w/v. Probably, the
increased alkalinity of the solution does not permit the disso-
lution of the degradation products and thus it hinders depo-
lymerization of PLA. Moreover, increased alkaline solution
results in a more expensive investment. Therefore, it seems
that a 10% alkaline solution is the best solution. In addition,
the alkaline concentration was kept constant at 10% w/v ant
the relative amount of alkali to PLA was changed in order
to study its effect on the degradation rate. It seems that the
amount of alkali significantly affects the degradation rate
starting from very low values when no alkali is added and
reaching a plateau after the addition of 0.8 g NaOH/g PLA
(Fig. 1b). Therefore this relative amount was considered to
be the optimum.

Effect of the Amount of the Phase Transfer Catalyst

Increasing the amount of HTMAB results in increased deg-
radation values until approximately 10% whereas afterwards
a plateau is achieved (Fig. 2). When no catalyst is added
the degradation rate is very low. Thus the role of the phase
transfer catalyst is confirmed. The cationic part of the PTC
carries the hydroxide ion into the surface of the solid-organic
phase resulting in an easier attack of the macromolecular
chains leading to depolymerization. The anion returns to the
aqueous phase and forms the monomer lactic acid or sodium
lactate. The reaction proceeds to complete depolymerisation
of PLA, while the catalyst remains in the aqueous phase.
Therefore an amount of 10% (i.e. 1/10 HTMAB/PLA) was
considered adequate.

Effect of Temperature

The effect of temperature on the degradation degree of PLA
is shown in Fig. 3. Degradation is low at low temperatures

Fig.2 Effect of the relative
amount of the phase transfer
catalyst HTMAB on the PLA
degradation during alkaline
hydrolysis of PLA with NaOH
at concentration 10 wt% at
100 °C, under microwave irra-
diation for 10 min
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Fig.3 Effect of temperature on the PLA degradation during alka-
line hydrolysis of PLA with NaOH at concentration 10 wt% using
HTMAB as a phase transfer catalyst at 0.1 g/g of PLA, under micro-
wave irradiation for 10 min

and increases to nearly 90% at 100 °C. Afterwards the
increase is milder and reaches to 95% after the increase of
temperature by 50 °C. Therefore the optimum temperature
is considered to be that of 100 °C.

Effect of Reaction Time

Finally, the depolymerization of PLA as a function of deg-
radation time was measured at two temperatures (i.e. 100
and 150 °C) and results are illustrated in Fig. 4. It can be
seen that degradation starts from a high value, nearly 83%
even after 2 min of degradation at 100 °C and 87% after
5 min and 150 °C. These values increase to 92 and 99%
after 20 min of degradation at 100 and 150 °C, respectively.
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Fig.4 Variation of the degree of PLA degradation with time during
alkaline hydrolysis of PLA with NaOH at concentration 10 wt% using
HTMAB as a phase transfer catalyst at 0.1 g/g of PLA, under micro-
wave irradiation at two temperatures. Similar degradation data from
the microwave assisted alkaline hydrolysis of PET at 120 and 150 °C.
Data taken from reference [6]

The high degradation values measured at very small times
is a direct consequence of the mode of providing energy,
i.e. using microwave irradiation. It should be note here that
similar trends were observed in previous experiments from
our lab using the same microwave reactor for the degradation
of PET using the same technique of alkaline hydrolysis using
a phase transfer catalyst [6]. Again it was observed there that
at the same temperature of 150 °C degradation of PET was
nearly 60% after 10 min of irradiation and required another
50 min to increase to 80%. Since microwave irradiation pro-
vides energy directly to the molecules of the reacting species
(the alkaline solution in this case) and not to the surrounding
vessel or the environment, degradation is very high from the
beginning of the reaction, whereas afterwards it increases at
a much slower rate.

Process Parameters

Indicative results on the variation of reaction temperature,
pressure and microwave power with depolymerization time
for the experiment carried out under constant temperature
at 100 °C, for 20 or 30 min are illustrative in Fig. 5. It can
be seen that the reaction temperature set point was achieved
and remained constant soon after some initial small-scale
oscillations. The time needed to achieve the constant value,
decreased with temperature and at 100 °C it was less than
2 min. In order to maintain the reaction mixture at the
desired temperature the microwave power undergoes some
small-scale oscillations varying in between 2 and 10 W.
These values were rather low since the required temperature
was also relatively low. The system total pressure increased

from 30 psi (almost 2 bar) to a constant value near 45 psi
(3 bar) or 50 psi (3.4 bar).

Characterization of Unreacted PLA and the Product
Obtained

The IR spectra of the unreacted PLA was recorded and
compared to the initial PLA in Fig. 6. Typical peaks were
observed with representative those at 1596 cm™' due to
the carbonyl stretching of the ester bond (C=0) and at
2920 cm™! due to the sp> bond of carbon with hydrogen
(C-H). IR spectra of unreacted PLA are similar to those
of fresh PLA, but they present two differentiation at nearly
1200 and 3500 cm™!. The peak at 3500 cm~! is more pro-
nounced in the polymer obtained after degradation at 50 °C.
These peaks are attributed to hydroxyl groups and they are
an indication that oligomers are present in the residue. PLA
macromolecules have only a few terminal hydroxyl groups
and thus a very small peak appears in this region for fresh
PLA. As degradation starts at relatively low temperatures
(i.e. 50 °C) macromolecular chains are cleaved into oli-
gomers having shorter chain length. Thus, the number of
hydroxyl terminal groups increases, since the total number
of chains is increased. As degradation proceeds further at
relatively higher temperatures (i.e. 100 °C), some of the oli-
gomeric chains that have been formed are ultimately degrade
to the monomer lactic acid which was removed during the
purification step. Thus, fewer chains with terminal hydroxyl
groups are present resulting in less intense band attributed to
hydroxyl groups in the IR spectrum. This observation veri-
fies that less degradation occurs at the lower temperatures.
The product obtained after depolymerization was char-
acterized by using FT-IR, as given in Fig. 7. In this spec-
trum the following absorption peaks were identified: A
broad peak ranging from 3100 to 3600 cm™! and peaking
at 3414 cm™!, which denotes the existence of hydroxyl
groups from the alcohol present in the molecule; a small
but wide peak at 2990 cm™! is characteristic of -OH
absorption but from a carboxylic group; the strong and
narrow peak at 1726 cm™! is characteristic of the existence
of a COO stretching band, present in carboxyl units (i.e.
COO-H), whereas that in 1596 cm~! denotes the exist-
ence of carbonyl group C=0, present in ester (lactate)
units (i.e. COO-Na); the peak at 1281 cm™! shows the
existence of a C—O bond present in a carboxylic acid; the
peak at 1584 cm™! refers to the C—H bond, whereas those
at 1448 and 1141 cm™' to the C—C bond. Therefore, it can
be concluded that the product obtained from the depolym-
erization contains mainly the monomer lactic acid but also
some sodium lactate. In order to quantify the amount of
lactic acid produced extra measurements (such as NMR)
are needed. Thus it seems that in order to get pure lactic
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Fig.5 Variation of reac- 120
tion temperature, pressure
and microwave power with
depolymerization time for 100
experiments carried out under
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Fig.6 FTIR spectra of the initial PLA used (blue line) and the unre-
acted received after degradation at 50 °C (red line) and 100 °C (green

line) (Color figure online)
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Scheme 2. Possible degradation mechanism of PLA alkaline hydrolysis

acid for the depolymerization, extra acidification of the
product obtained with some strong acid (e.g. H,SO,) is
needed.

Possible Reaction Mechanism

A possible reaction mechanism for the alkaline hydroly-
sis of PLA is shown in Scheme 2. The PLA pellets were

+
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I
HO—CH—C\
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CHj,

sodium lactate

or lower MW hydrolysis byproducts

initially swelled or dissolved in the reaction medium.
Hydrolysis of PLA in the presence of NaOH results in the
breaking down of the ester linkages between the constitu-
ent units of PLA to yield two kinds of oligomers. These
oligomers form salts with sodium cations, Na* present in
the reaction medium. The oligomers further reacted with
water and give new oligomers with carboxyl ending units.
The above step was repeated until lactic acid or sodium
lactate was formed and the catalyst (alkylammonium salt)
is regenerated.
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Conclusions

Alkaline hydrolysis of PLA was investigated here using a
phase transfer catalyst under microwave irradiation. Several
process parameters were examined including the alkaline
(NaOH) concentration, the presence or not of methanol in
the reaction medium, the type and the amount of the phase
transfer catalyst, reaction temperature and time. All degra-
dation reactions carried out in a lab scale microwave reac-
tor. The optimum experimental conditions, to obtain high
PLA degradation, i.e. greater than 90%, were found to be at
10% w/v NaOH concentration using hexadecyltrimethylam-
monium bromide as phase transfer catalyst and degradation
taking place at 100 °C for 10 min. The microwave power
needed to reach these conditions was varying in between 2
and 10 W. A possible mechanism of PLA alkaline hydroly-
sis, using the specific reagents, was also proposed. The main
innovative part of this research was to present a specific
method for the degradation of PLA using low temperature
and time resulting thus in a great energy saving compared
to other similar techniques proposed in literature. Thus, this
process seems to be very efficient to be scaled up in the
recycling of large amounts of this polymer. Detailed investi-
gation of the degradation kinetics of PLA using this specific
system is going to be our next task.
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