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Abstract The recycling of used, post-industrial and post-
consumer PLA is crucial to reduce both the consumption of
renewable resources for the monomer synthesis and the
environmental impact related to its production and dis-
posal. Several processes are actually available: among
these, there is a particular interest on the chemical recy-
cling of PLA with production of its monomer. The aim of
this work is to analyse the PLA dissolution behaviour in
different organic solvents (acetone and Ethyl lactate) at
different water concentrations in order to optimize the
chemical depolymerisation process of PLA. New experi-
mental data are presented and a kinetic model is provided
for a first analysis. Preliminary results suggest that acetone
based solvents (i.e., acetone water mixtures at various
concentrations) are more effective to solubilize the PLA
rather than the Ethyl-lactate based solvent. Anyway, an
increase of water concentration in the solvent phase,
determines both a reduction of the solvent power and a
reduction of mass transport coefficient for the two solvents
tested.
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Introduction

In the family of biodegradable polymers, nowadays the
polylactic acid (PLA) is perhaps the most frequently used
polyester, due to its many favourable properties, such as
availability, relative good strength, biocompatibility and
biodegradability [1-6].

The chemical recycling of PLA to its monomer is cru-
cial to reduce both the consumption of renewable resources
for the monomer synthesis and the environmental impact
related to its production and disposal. The production of
PLA from recycling also allows large energy savings, with
respect to the traditional processes based on the use of
virgin raw materials [7].

The PLA is a polyester derived from the lactic acid
by a polycondensation reaction with water elimination.
The elimination of each water molecule leads to the
formation of an ester group (esterification reaction),
starting from a hydroxyl and a carboxyl group (the
latter provided by two distinct molecules of lactic
acid). Placing the polymer in contact with water may
cause the cleavage of ester linkages along the polymer
chains.

The direct polycondensation is the simpler and less
expensive method, but produces polymer with low
molecular weight and therefore with poor mechanical
properties. The low molecular weight is due to the unfa-
vourable equilibrium constant of the reaction of the species
lactic acid, polymer and water [22]. The complete removal
of water is required in order to obtain an high degree of
polymerization, so vacuum conditions and high tempera-
ture (T > Tpeiing) are used. Furthermore, during the pro-
gress of the reaction, the concentration of reactive
functional groups decreases, whereas secondary reactions
become competitive.
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The ring-opening polymerization (ROP), is the most
used method in industry in order to produce PLA at high
molecular weight. The production plant of PLA in
Nebraska (NatureWorks LLC) [23] employs this method.

An alternative method for the chemical recycling of
PLA to lactic acid is the thermal depolymerisation which
reduces the polymer in the cyclic dimer of the lactic acid,
the lactide. This method consists in a intramolecular
transesterification of the polymer, which represents the
reverse reaction of the ring-opening polymerization (ROP)
[8].

The thermal depolymerization in lactide must be carried
out at high temperature (200-250 °C) and under vacuum
(4-5 mmHg) conditions, in the presence of suitable cata-
lysts (such as organic compounds of zinc, tin, aluminium,
titanium, zirconium) [9]. This process is quite complex and
expensive, not only for the severe operating conditions but
also for the need of several purification steps of the final
product.

The hydrolysis, unlike the thermal degradation, is a
rather simple depolymerization process, from a technical
point of view, and it is not expensive: in fact it does not
require severe operating conditions and it does not either
need catalysts. The PLA hydrolysis rate in an aqueous
phase is essentially influenced by the pH, the temperature
and the crystallinity of the PLA [10-12]. From a general
point of view, the hydrolytic degradation of a polymer
matrix occurs through two processes in series: water dif-
fusion into polymer mass and hydrolysis reaction. When
the water diffusion rate is slow compared with the kinetic
of hydrolysis reaction (i.e., when the diffusion is the con-
trolling step), the process occurs through a mechanism of
surface erosion (heterogeneous erosion), and the hydrolysis
takes place predominantly on the polymer surface. On the
other hand, when the water diffusion rate is fast compared
with the kinetic of hydrolysis reaction (i.e., when the
reaction is the controlling step), the process occurs through
a mechanism of bulk erosion (homogeneous erosion), in
which the hydrolysis takes place in the whole mass (vol-
ume) of the polymer.

The hydrolysis has been demonstrated to be an auto-
catalytic reaction [10, 12]: indeed, the reaction rate
increases by the addition of carboxyl groups, formed by the
breakdown of the ester bonds during the depolymerization
reaction. The main effect of the carboxyl groups is to
decrease the pH, by favouring the hydrolytic acid catalysis.

Some works [13, 14] deal with the PLA hydrolysis in
aqueous phase at high temperatures, that result in high
yields of lactic acid in a fairly short time, without the use of
catalysts. These studies were carried out at temperatures
ranging between 120 and 350 °C and it was observed that
the hydrolysis proceeds by a mechanism of bulk erosion in
both the solid and the molten PLA.

It is also seen that the reaction times decrease with
increasing temperatures. However excessively high tem-
peratures (above 250 °C) are not recommended because
they induce racemization and decomposition of the lactic
acid formed. On the contrary, temperatures lower than the
melting one are favourable as for the energy consumption,
but they result into much longer times to get high yields,
mainly because of the crystalline residues that remain after
degradation of the amorphous regions.

The first patents about the PLA depolymerization by
hydrolysis (or by solvolysis with alcohol) date back to the
early 90s and belong to DuPont [15, 16]. These patents
report a very simple and economic process, in which the
PLA is placed in aqueous solution (50-70 % by weight of
PLA) and heated up to temperatures of 100-200 °C, in a
pressurized reactor (autogenous pressure), as long as to
achieve conversions of 70-100 %.

A process of particular interest for the chemical recy-
cling of PLA by alcoholisys has recently been patented by
Galactic (LOOPLA process): it uses a solvent to bring the
PLA in solution and it is designed precisely for chemical
recycling of used, post-industrial and post-consumer PLA
[17].

Xiuyan et al. [18] report an interesting work on PLA
hydrolysis into calcium lactate using ionic liquid [Bmi-
m][OAc] to optimize the PLA chemical recycling process,
while Plichta et al. [19] studied the chemical recycling of
PLA via controlled degradation with protic (macro)-
molecules. The work of Sanchez et al. [20] on the selective
recycling of mixed plastic waste of polylactic acid and
polyethylene terephthalate by control of process condi-
tions, is also interesting.

The aim of this work is to analyse the PLA dissolution
behaviour in different organic solvents, acetone and Ethyl
lactate, at different water concentrations, at 50 and 80 °C,
in order provide some guidelines to optimize the chemical
depolymerisation process of PLA. Ethyl lactate was chosen
as PLA solvent, because of its use in the PLA solubilization
process patented by Coszach et al. [17]. On the contrary,
acetone was chosen as a solvent since it is very cheap, has a
high vapour pressure, shows a high solvent power and is
completely miscible with water. These characteristics are
very useful in the lactic acid production process from PLA
depolymerization.

Materials and Methods
Experimental Procedure
The kinetic tests have been carried out in a batch reactor

where the solvent phase (mixtures of water and Acetone or
Ethyl-lactate, ranging from 11 to 30 ml) and solid PLA
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(ranging from 1 to 6 g) are brought into contact. Pure
solvents have been purchased from Sigma Aldrich. For
each solvent the experimental runs have been performed at
different water concentrations and at fixed pressure (1 bar)
and temperature. Preliminary tests (not reported here) have
been suggested to perform solubility tests at 50 and 80 °C
for Acetone and Ethyl-lactate based solvents, respectively.
The batch reactor was equipped with an heating jacket to
set the reaction temperature and a vertical vapour con-
denser to recover solvent and water vapours. The experi-
mental apparatus was placed on a magnetic stirrer to
guarantee the right agitation inside the reactor (see Fig. 1).

The fragments of solid PLA were obtained by grinding
shells of PLA (IngeoTM biopolymer 2003D) provided by
Nature-Works. At the beginning of each run, the reactor
was dried and filled with weighed amounts of solvent
mixture and PLA.

At fixed time, the liquid solution within the reactor was
removed and centrifuged to separate any the solid particles
in suspension. Then, the liquid phase was filtered by a 25
micron pore filter to separate smaller solid particles present
in the liquid phase. Subsequently, a weighed amount of the
solution was taken and put in a stove under vacuum
(10 kPa) at 50° C. Evaporation of the solvent take place so
the amount of precipitated PLA can be determined gravi-
metrically. The weight fraction of PLA in solution is
straightforwardly determined from the knowledge of initial
mass of solution and of mass of PLA dissolved. The solid
amount of PLA not dissolved was also evaluated gravi-
metrically after dehydration in order to check the experi-

mental data consistency.
S
To Cryothermostat
Vertical Vapour Condenser
From Cryothermostat
To heater
Reactor
———— Reactor Heating Jacket
From heater
—
/7

Magnetic Stirrer

Fig. 1 Experimental setup scheme
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Mathematical Modelling

The PLA dissolution in the solvent phase has been mod-
elled with a first order differential equation derived from
the PLA mass balance in the liquid phase

dt

= aky (Xpras — Xpra) — kX3, Xpra (1)

where Xp;4 and Xpy4 s are the PLA compositions (by
weight) in the liquid phase and at saturation conditions,
respectively; k; is the mass transport coefficient between
the PLA solid phase and liquid phase, a is the specific
surface, k is hydrolysis kinetic reaction rate and X3 is the
water concentration in the liquid phase, assumed constant
during time.

Xpras can be calculated from experimental kinetic
curves when saturation conditions are reached (plateau for
each curve).

It is possible to rewrite the mass balance in a dimen-
sionless form with respect to PLA concentration, by

assuming Xpra = Xpra/Xpras
dXpra

dt
where ff = kX%/ak; is a dimensionless number derived
from the ratio of the dissolution and reaction characteristic
times.

Integration of Eq. (2) gives the PLA concentration in the
liquid phase as function of time

= akL[l -1+ ﬁ)XPLA] (2)

Xpua(t) = 1 — exp(—ake(1+ p)1)] (3)

1+ p

It is worth noting that when  — O the hydrolysis
reaction is very slow compared to PLA dissolution in the
liquid phase, therefore Eq. (3) assume the simplified form

XPLA(I) = Xp[A7S(1 — exp(—akLt)) (4)

while, when f§ — oo all the PLA dissolved in the liquid
phase is “consumed” by hydrolysis, therefore in this
extreme condition PLA concentration in the liquid phase
reaches the zero value. Of course, if f > 1 the PLA con-
centration reaches a plateau which range around Xp; 4 /f.

Results

The PLA dissolution process has been tested over two
different organic solvents, Acetone and Ethyl-Lactate, at
different water concentrations and fixed pressure and
temperature. In particular, Fig. 2 shows the PLA dissolu-
tion behaviour in Acetone—Water solvent at different water
concentration over time for a fixed temperature (50 °C).
As it can be seen, an increase of water concentration
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Fig. 2 Trend of PLA concentration in water 4+ acetone mixtures
versus time at 50 °C. a Filled black square 100 % acetone, white
square 95 % acetone, filled black triangle 90 % acetone; b white

determines a reduction of PLA weight fraction % in the
solvent phase, up to a near zero value after 420 min for a
water concentration near to 35 % by weight.

Figure 3 reports the PLA dissolution curves for the
Ethyl Lactate-Water system at different concentrations of
water vs time at 80 °C. Also in this case it is possible to
observe a reduction of PLA weight fraction % in the sol-
vent phase at increasing water concentration. In particular,
a water concentration in the solvent phase near to 20 % by
weight, determines an almost zero PLA dissolution during
a tested run of 420 min.

From the comparison of the two figures, it is clear that
the acetone based solvent is more reliable to dissolve the
PLA rather than the Ethyl-lactate solvent. The experi-
mental runs with acetone water mixtures were carried out
at a lower temperature because of the high volatility of
acetone: in this way the loss of solvent was reduced.
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Fig. 3 Trend of PLA concentration in water + ethyl lactate mixtures
versus time at 80 °C. a Filled black square 100 % ethyl lactate, white
square 95 % ethyl lactate; b filled black triangle 90 % ethyl lactate,

(% by weight)

X1

0 60 120 180 240 300 360 420 480
time (min)

dimand 85 % acetone, filled black circle 65 % acetone. Solid lines
represent fitted curves with Eq. (3)

Discussion

The obtained experimental results have been analysed by
using Eq. (3) reported in “Materials and Methods” sec-
tion. In this preliminary study it has been assumed that
experimental conditions would lead to an hydrolysis reac-
tion minimization, that is f — 0. In fact, data relating to
the hydrolysis kinetics of PLA oligomers of high molecular
weight in aqueous solutions, are generally scarce and only
data on low molecular weight oligomers are reported by
Codari et al. [21]. On the other hand, the presence of
organic solvents such as ethyl lactate and acetone, pro-
motes the solubilisation of high molecular weight oligo-
mers then, in presence of water, data about hydrolysis
kinetic of such oligomers should be necessary. Anyway
Codari et al. [21] have demonstrated that the kinetic of
hydrolysis is strongly influenced by temperature and by
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white circle 80 % ethyl lactate. Solid lines represent fitted curves with
Eq. 3)
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water concentration. As for temperature dependence, the
experimental tests have been performed in the temperature
range from 40 to 120 °C, showing values of kinetic con-
stants at 40 and 120 °C that differ of two orders of mag-
nitude: therefore at low temperature hydrolysis the reaction
is very slow. Furthermore low ratios between water and
PLA, as the ones utilized in this paper, further reduce the
reaction rate. This assumption is also supported from
experimental data collected on undissolved amount of PLA
(PLA in solid phase). Furthermore it has also been assumed
that particle size used in this work does not affect PLA
dissolution behaviour. Therefore, it has been considered
just ak; as an adjustable parameter obtainable from fitting
of the experimental data. The experimental data collected
have been fitted following a least square criterion.

Figures 2 and 3 shows the comparison between the
experimental and calculated kinetic curves for the two
selected solvents, while Tables 1 reports the obtained fitted
parameters at different water concentration in the solvent
phase, as well as statistical information about fitting reli-
ability. The figures clearly show the good agreement
between the experimental and calculated curves.

The analysed kinetic curves highlight a strong influence
of water concentration on PLA dissolution behaviour. In
order to find a correlation between the mass transport
coefficient and solvent phase composition a linear regres-
sion on the obtained k values as function of the water
weight fraction in the solvent phase has been carried out, as
reported in Fig. 4 for the two analysed system. It is clear
from the figure the linear dependence of k over water
weight fraction. Therefore an increase of water concen-
tration in the solvent phase determines both a reduction of
solvent power (thermodynamic condition) and of mass
transport coefficient (kinetic condition). Anyway, it is
worth noting that for high water concentration, hydrolysis
reaction could take place, therefore model hypothesis
(B — 0) may be not still reliable. In this case, the strongly
reduction on PLA dissolution behaviour at high water
concentration in the liquid phase could be due to PLA
hydrolysis that “consume” PLA in the solution and
observed plateau is not yet indicative of thermodymanic

Table 1 Fitting results for acetone and ethyl-lactate based solvent at
50 and 80 °C, respectively

Acetone, 50 °C

Water (% w) 0 5 10 15 35
ak;, (min™?) 0.0318 0.0280  0.0243 0.0205 0.0055
R? 0.90 0.93 0.91 0.95 0.95
Ethyl-lactate, 80 °C

Water (% w) 0 5 10 20 -

ak; (min~") 0.0205 0.0182 0.0158 0.0111 —

R? 0.92 0.95 0.96 0.96 -
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Fig. 4 Trend of mass transport coefficient (k), for the two systems
under analysis at constant temperature (acetone—water:
ak, = —0.000751 X§ + 0.0318, R* = 0.98; Ethyl lactate—water:
ak;, = —0.000471 X% + 0.0205, R? = 0.98)

equilibrium conditions. In order to deeply analyse this
aspect independent experiments must be carried out to
evaluate saturation condition in absence of hydrolysis
reaction at high water concentration. This aspects will be
objectives of further works.

Conclusions

In this paper new preliminary experimental data about the
PLA dissolution in a mixtures of water and organic sol-
vents were presented. Some interesting considerations can
be derived:

1. The Acetone based solvent is more effective to
solubilise PLA rather than Ethyl-lactate based solvent;

2. Anincrease of water concentration in the solvent phase

determines a reduction of solvent dissolution capacity
for both solvents tested;

3. Anincrease of water concentration in the solvent phase

determines a reduction of mass transport coefficient for
both solvents tested.

To sum up, the findings reported in this study can be
useful to carry out preliminary considerations on the dis-
solution process of PLA finalized to the optimization of
hydrolytic depolymerization of PLA. In particular opti-
mization of water weight fraction in the solvent mixture is
of utmost importance because water is required to promote
the hydrolysis reaction; on the contrary, the solvent power
of the mixture organic compound—water is negatively
affected by water weight fraction. For the sake of the
clarity, it must be point out that this is a preliminary
analysis and further works will be carried out in order to
deeper analyse the effect of hydrolysis reaction and PLA
particle size on dissolution behaviour.
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