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Abstract

The increasing use of poly(lactic acid) materials has led to growing amounts of post-consumer waste containing
commonly used industrial additives that complicate end-of-life treatment. Although solvolysis represents a
promising chemical recycling route for PLA, systematic comparative data quantifying the influence of common
additives under relatively mild reaction conditions remain scarce. This study investigates the solvolysis
depolymerization of PLA-based composites containing typical additives, including calcium carbonate (1-10 wt
%), carbon black, plasticizers, cellulose, and minor polymeric components. Depolymerization was performed in
an acetone/ethanol system at 70 °C using the organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene, enabling

recovery of ethyl lactate as a bio-based solvent.

Depolymerization efficiencies ranged from 61-100 %, depending on additive form and content. High efficiencies
and PLA conversion to ethyl lactate (up to 98%) were obtained for materials containing low amounts of
inorganic additives (<2 wt%), whereas cellulose-rich composites showed markedly reduced degradation and
product formation. The results demonstrate that additive form and content govern depolymerization performance
more strongly than crystallinity effects alone, with cellulose-rich matrices (>50 wt%) defining a practical
compositional threshold for efficient chemical recycling. Structural and thermal analyses (GPC, DSC, TGA, and
XRD) indicated that additives increased crystallinity and thermal stability while solvolysis remained effective at
low to moderate additive loadings. This work extends solvolysis recycling strategies from virgin PLA to
commercially relevant composite materials and defines compositional limits for efficient ethyl lactate production

from additive-containing PL A waste.
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1. Introduction

The increasing demand for sustainable polymeric materials has led to the widespread use of poly(lactic acid)
(PLA), particularly in packaging, agriculture, and technical applications [1-3]. In industrial practice, PLA is
rarely used as a neat polymer but is typically formulated as a composite containing mineral fillers, plasticizers,
pigments, fibers, or secondary polymers to improve mechanical performance, thermal stability, and
processability [4-18]. As a result, most commercially available PLA products and post-consumer waste streams

consist of multi-component, additive-containing composite materials rather than virgin PLA.

The production of PLA is associated with a cumulative energy demand of approximately 50-60 GJ t* (14-17
MWh t1), depending on the production route and system boundaries. When additional processing steps such as
melt extrusion into filaments or films are included, the total energy demand for finished PLA products can reach
54-79 GJ t1 (15-22 MWh t1) [19,20]. This embedded energy is irreversibly lost during biodegradation of PLA.
In contrast, solvolysis enables recovery of ethyl lactate, whose conventional synthesis from lactic acid requires
more than 30-40 GJ t? (8-11 MWh t1) [21], highlighting the potential energy advantage of chemical recycling

over both composting and virgin solvent production.

Mechanical recycling of PLA composites is technologically simple but suffers from significant drawbacks,
including chain scission, molecular weight reduction, deterioration of mechanical properties, and poor dispersion
of fillers upon repeated processing, resulting in limited recyclate quality and low recycling rates [22-26].
Composting is often presented as an end-of-life option for PLA; however, its practical applicability remains
limited due to insufficient industrial composting infrastructure and strict processing requirements, particularly
for additive-containing composite materials. Moreover, composting leads to irreversible loss of the material

value and embedded energy, as the polymer is converted into CO,, water, and biomass [27-31].

Accordingly, chemical recycling has emerged as a more controllable and resource-efficient strategy for
managing PLA waste within a circular economy framework. Depolymerization enables conversion of PLA into
value-added products such as ethyl lactate, a bio-based solvent with low toxicity, biodegradability, and
favourable solvency properties [4,32,33]. However, the practical feasibility of chemical recycling critically
depends on its performance in additive-containing PLA waste streams, which dominate real post-consumer

materials.



Selective chemical depolymerization, particularly solvolysis, has therefore attracted increasing attention as a
promising approach for recovering high-value products [33-36]. Solvolysis offers efficient depolymerization
under relatively mild conditions, high product purity, and compatibility with circular economy principles [37—
39]. Nevertheless, most published studies focus on neat PLA or simplified laboratory systems. Systematic
investigations addressing industrially relevant, additive-rich PLA composites under comparable reaction

conditions remain scarce, representing a critical knowledge gap.

In our previous work [40], we demonstrated that the solvolysis depolymerization of virgin PLA is strongly
governed by polymer architecture and crystallinity. Building on these findings, the present study addresses a
critical knowledge gap by focusing on PLA composite materials representative of industrial practice.
Specifically, composites containing calcium carbonate, carbon black, plasticizers, cellulose, and secondary
polymers were selected, as these additives are widely used in commercial PLA products to tailor cost, stiffness,
thermal behavior, coloration, and processability [4-9,11-18]. To date, a systematic evaluation of how such
additive-rich PLA composites behave under comparable and well-controlled reaction conditions has not been

comprehensively reported in the literature.

The aim of this work is to systematically evaluate the impact of additive form and content on the solvolysis
depolymerization efficiency of PLA composites and on ethyl lactate recovery under mild conditions, thereby
defining practical compositional limits for efficient chemical recycling of industrial PLA materials. Solvolysis
was performed in an acetone/ethanol system using an organocatalyst under comparable reaction conditions. By
combining depolymerization experiments with structural and thermal characterization (GPC, DSC, TGA, and
XRD), this study evaluates how material form and additive content influence PLA composite recyclability,

providing insights to inform the design of robust solvolysis recycling strategies.

2. Materials and methods

2.1 Materials

Chemicals (acetone, ethanol, ethyl lactate standards, and TBD catalyst) were purchased from commercial
suppliers and used as received, following the procedure described in our previous work [40]. These reagents
were applied as received without further purification. Virgin (pure) PLA, of type Ingeo 2003D (PLA-A), M,:
150 — 200 kDa + 4000 Da, PI: 1.7-1.8, was used in the experiment to determine the extent of decomposition and

to obtain the ethyl lactate product (Table 1). The PLA samples denoted B and C were prepared by the authors”



team [41]. PLA samples D-E were obtained from the specified sources; however, the manufacturer does not
disclose the exact composition of the material. Therefore, the amount of additives was evaluated based on
analyses conducted in our laboratory. Data on all tested material, including their composition, and producer, are

given in Table 1.

Table 1 Overview of the tested PLA samples (original form), their composition and supplier

Sample specification sample composition supplier

PLA-A  PLA granules PLA Ingeo™ 2003D NatureWorks®

PLA-B  PLA filaments PLA + 1% CaCO; + (0.5%) CA NatureWorks®/ own preparation
PLA-C  PLA foil PLA + 10% CaCOs; +(4%) plasticizer* NatureWorks®/ own preparation
PLA-D  PLA woven stack PLA + 1.5% CaCOs; + (<1%) DETPE Czech Fibre, CZ

PLA-E  PLA sackcloth PLA + 1% CaCOs + (<1%) PBAT + (0,5%) CA Juta, CZ

PLA-F PLA laminate PLA + 3.5% CaCOs + (<50%) cellulose Oxalis, CZ

* plasticizer (copolymer PLA/PEG) — [41]
CA — carbon black

DETPE - diethyl-p-phthalate, PBAT - polybutylene adipate terephthalate

2.2 Experimental strategy

The experimental procedure was based on our previous work [40], with modifications as described below, with
reaction conditions (acetone as solvent, ethanol as nucleophile, and TBD as catalyst at 70 °C). This approach
was chosen deliberately to allow a direct comparison between the degradation behavior of virgin PLA reported
earlier and the additive-rich composites studied here. Only the composition of the tested PLA materials differed,
as detailed in Table 1.

The procedure for degradation of the polymer by alcoholysis was based on a transesterification reaction [32,33].

The depolymerization procedure followed our previous work [40], under mild reaction conditions (Scheme 1).
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value-added product under comparable reaction mild conditions

This mixture was dissolved at 70°C for periods of 30 to 120 minutes, according to the character of sample, at the
close of which the resultant solution was filtered through an Erlenmeyer flask.

Tests were conducted using 14.3 wt% PLA for the heavier PLA-A, PLA-B samples, and 4.04 wt% for the lighter
PLA-C, PLA-D, PLA-E samples. The lower amount used for the latter samples was due to the bulky nature
material, which made it impossible to introduce a larger quantity into the reaction flask. The samples were
prepared using a solvent-to-nucleophile 1:2 and a catalyst amount of 2 wt% relative to the PLA mass. TBD, a
bicyclic guanidine catalyst, was chosen for its selective and environmentally friendly characteristics, which align
with the second, third, and eighth principles of green chemistry [32].

The degree of PLA decomposition was determined according to Equation (1) based on the mass balance of the
initial and residual polymer. In addition, the conversion of PLA to ethyl lactate (EL) was calculated based on the
amount of EL formed, assuming a one-to-one stoichiometry between the PLA repeating unit and ethyl lactate, as
described by Equation (2) [40]. Additives such as carbon black and CaCOs; remained on the filter together with
the unreacted polymer matrix, while plasticizer passed into the filtrate.

The degree of PLA degradation (Dp.a) was determined by Equation 1:

. Wo— W,
D(praye —X 100%
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where wo represents the initial amounts of PL A and w; represents the mass of the remaining unreacted PLA.

The conversion of PLA to EL (Xpra) was calculated by Equation 2:

X( pLA)L&x Mx 100%
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where wy represents the initial amounts of PLA, wsrepresents the mass of the ethyl lactate obtained, and Mpra) =
72.06 g-mol” and M) = 118.13 g-mol™ are the molar masses of the PLA repeating unit and ethyl lactate,

respectively.

It should be noted that Xray was calculated based on the amount of ethyl lactate formed and therefore does not

necessarily correspond to the gravimetrically determined Dppa).

2.3 Characterization of the end product and determination of PLA decomposition

2.3.1 GC-FID

Gas chromatography with FID detector (GC-FID) was used to determine ethyl lactate concentration and purity
under conditions identical to those previously described [43]. Samples were passed through a PTFE filter (0.22
pm) and diluted 10 times in methanol. Analysis was performed on a gas chromatograph (Shimadzu GC-2010
Plus, Kyoto, Japan) equipped with a flame ionization detector (GC-FID) and Rxi-5Sil M column for separation
(30 m x 0.25 mm x 0.25 pm, Restek). Helium constituted the carrier gas, delivered at a column flow rate of 1.20
ml.min™. The injection volume equalled 1 pl and the temperature of injection 250 °C, while the split ratio was
1:100. A heat cycle of 40 °C for 3 minutes, followed by 70 °C.min™ to 230 °C for 5 minutes was carried out for
such analysis (total duration of 10.71 min). The temperature of the detector was set to 280 °C, and each sample
was tested three times. The extent of ethyl lactate, ethanol, acetone and lactide in the specimens was calculated
from standard calibration curves (R®> = 0.999). Helium served as carrier gas, and all measurements were

performed in triplicate.

2.3.2 GPC

Gel permeation chromatography (GPC) was employed to characterize the polymers, macromolecules and PLA
residue in the mixture that contained the end product, upon completion of the degradation stage similar as in the
previous work [40]. The molecular weight of the peak maxima, the number-average molecular weight, the
weight-average molecular weight, and the polydispersity index of polymers were measured. Investigation took
place of the product of ethyl lactate, the polymer prior to and following degradation, and of samples of dry mass
of the product. A Waters HPLC system equipped with Waters differential refractometers of types e2695 and 2414
was used. The GPC system was calibrated with polystyrene standards for molecular weight within the range of
580-990500 g'mol™. The mobile phase was composed of THF (tetrahydrofuran) stabilized with butylated

hydroxytoluene. Three types of columns were applied: i. a PL. gel MIXED-A column (300 x 7.5 mm, 20 pm); ii.
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a PL gel MIXED-B column (300 x 7.5 mm, 10 pm); and iii. a PL gel MIXED-D column (300 x 7.5 mm, 5 pm).
Each product was injected at the volume of 100 pl and flow rate of 1 ml. min * and 40 °C. A refractive index
detector permitted detection. Before analysis commenced, each sample was dissolved in THF at the rate of 2.5
mg. ml " and passed through a 0.45 pm PTFE filter. Some samples did not dissolve well, requiring the
application of ultrasound. The GPC system was calibrated with polystyrene standards for molecular weight

within the range of 580 and 990 500 g-mol™. All data were processed in Empower 3 software.

2.3.3 FTIR

Spectra generated by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) were

recorded for the polymer samples, and ethyl lactate product as in the previous work [40] (Nicolet iS5, Thermo
Fisher Scientific, Waltham, USA). The unit was fitted with a Germanium crystal to discern how chemical bonds
had structurally altered under the PLA chemical recycling conditions. The Nicolet device was set to the range of
600—4000 cm™ and the resolution of 4 and 64 scans, with subsequent analysis occurring in OMNIC software
(Thermo Fisher Scientific, Waltham, USA) of the product and specimens of it as dry mass, as well as the

polymeric materials before (pure polymers) and after degradation (non-disappeared part).

2.3.4 Thermal analysis (DSC and TGA)

Differential scanning calorimetry (DSC) on a DSC1 STAR system (Mettler Toledo, Switzerland) and thermal
gravimetric analysis (TGA) were used to assess thermal stability and structural features, of polymeric materials
(named PLA-A, PLA-B-F), following the procedure described in [40]. The degree of crystallinity x. (%) was
calculated via Equation 3[40], where AH’, constitutes the tabulated heat of fusion for the theoretically 100%
crystalline PLA homopolymer (93.1 J-g™); [33,42]. This facilitated determination of the temperatures for melting
point, glass transition and crystallization. Investigation of the polymer prior to and following degradation
involved adding samples of ca 5 mg into aluminium pans, which were inserted into the measuring cell
afterwards. Measurements were taken under a nitrogen flow rate of 50 ml.min™. A heating and cooling cycle of
10 °C.min" was applied, initially rising from 25 °C to 180 °C. This upper limit was maintained for 5 minutes
before cooling transpired to -35 °C, with 5 minutes of isotherm at this temperature. A second heating scan
followed, from -35 °C to 250 °C. The glass transition temperature (T) was determined from the thermograms as
that of the midpoint of increment in heat capacity. Measurements for points of cold- and hot-crystallization

exotherm and melting endotherm (T, T.and Tw, respectively), and enthalpies of physical transformation (AHc,



AH. and AH,,)) of the PLA matrix were evaluated from peak maxima and the linear integration of peaks. A waxy
sample underwent an initial heating cycle from 25 °C to -65 °C, with this lower temperature being maintained
for 5 minutes prior to an increase to 180 °C [33,42]. The samples of TGA analysed were prepared in an identical
manner to those intended for DSC [43—-45]. For thermal analyses, all samples, whether granules, filaments, films,
woven stack, laminate, or sackcloth, were cut into slices to ensure that the sample compactly covered the bottom
of the crucible. This guaranteed the planarity and parallel orientation of the sample during measurement,
enabling efficient heat transfer.

The degree of crystallinity . (%) was calculated according to Equation 3 below:

AH,—AH,
Xc=—"——x100%
AH

m

3

where AHy,is the heat of fusion, AH. represents cold-crystallization enthalpy (J-g ') and AH’, is the tabulated

heat of fusion for the theoretically 100% crystalline PLA homopolymer (93.1 J-g ) [33,42].

2.3.5 X-ray diffraction

Powder and dry-mass samples of PLA for XRD (X-ray diffraction) were tested in a Rigaku Mini-Flex 600
diffractometer equipped with a CoKa (£ = 1.7889 A) X-ray tube (40 KV, 15 mA); [40]. The measurement was
performed in region 3-90° 2 theta with the scanning step of 0.2° and scanning rate 10°/min. Data processing was
carried out in triplicate in Rigaku PDXL2 software and the PDF2 database by ICDD. For samples B and F, 1 g of
material was dissolved in 1 mL of chloroform. The resulting slurry was deposited on the sample holder, and

diffractograms were recorded after solvent evaporation.

2.3.6 Elemental analysis

Elemental analysis by energy dispersion X-ray spectrophotometry (EDX-XRF) was employed to check the

absence of metallic or mineral elements as in the previous work [40], whereby a silicon drift detector measures
the energy of the photons, resulting in a histogram that represents the distribution of X-rays with respect to
power (corresponding to the amounts of the tested elements). The ethyl lactate products underwent direct
analysis without dilution in an ARL Quant’EDX-XRF analyser (Thermo-Fischer Scientific). Such investigation
can permit identification of more than 60 elements. Samples were placed in a Teflon cup (ca 3 g) and sealed with

a microcellulose film, prior to being placed in the autosampler. Each specimen was analysed twice. Samples



were evaluated by a selected method, specifically “Any Sample Air” in Unpiquant software, which estimated the

amount of elements present in mass percent (% w/w).

2.3.7 Statistical analysis

Every measurement was taken a minimum of three times in this study. The reported RSD values represent the
relative standard deviation calculated from at least three measurements, providing an estimate of experimental
variability, as reflected in error bars or table values. Statistical comparisons were provided by one-way analysis
of variance (ANOVA), and differences were considered significant at P < 0.05, OriginPro 2024 SR1, OriginLab

Corporation, Massachusetts USA.

2.3.8 Evaluation of degradation kinetics

The degradation kinetics were analysed using an integrated pseudo-first-order rate equation (4):
In(1—-X|=—kt

“)

where X represents the conversion of PLA, t denotes the reaction time, and k corresponds to the apparent pseudo-

first-order rate constant. The kinetic constant k was expressed as (5):

_—In(1-X)

®)

3. Results

3.1 Decomposition of mixed PLA waste materials in relation to its conversion to EL

The conditions adopted for PLA decomposition by solvolysis were in accordance with those optimized by
Domincova Bergerova et al., Majgaonkar et al., Leibfahrt et al. [32,33,40]. Solvolysis was therefore carried out
at 70 °C for up to 2 hours, using a 1:2 ratio of acetone to ethanol in the presence of the TBD catalyst. These
conditions were selected based on previous optimization studies by Domincova Bergerova et al. [40] Testing
involved several mixed waste materials (PLA-B, PLA-F) and the pure PLA granulate (PLA-A) for the sake of
comparison (Table 1). The input amount of PLA material and decomposition time varied depending on material
form, composition, reflecting differences in degradation extent and ethyl lactate formation (Table 2, Figure 1).

Table 2 Reaction parameters of solvolysis and data on sample and product decomposition



Sample specification input amount (g) degradation (%) time (min) ¢ (g-L")? c(@Lh  Xegn (%)
PLA-A granules 40 100.00 120 362.00 968.00 98.80
PLA-B filaments 40 95.00 120 268.52 631.40 70.24
PLA-C foil 10 68.75 60 227.40 307.40 37.29
PLA-D woven stack 10 100.00 30 80.87 884.11 89.68
PLA-E sackcloth 10 93.00 120 38.37 797.32 81.51
PLA-F teabags 10 61.00 120 3.82 24.64 26.87

Conditions: 70°C; 2 wt% TBD; ratio of 1: 2 sol-nuc (acetone - ethanol) in a 500-mL reaction flask

¢ (g-L™")*- concentration of the ethyl lactate product following the reaction and prior to cleaning

¢ (g-L™)" - concentration of the ethyl lactate product after cleaning using vacuum evaporator

Xy - PLA conversion to EL

RSD of concentration measurements: 4.8 + 0.4% (three or more measurements, no statistically significant

differences were observed between replicate measurements, P > 0.05)

The degree to which the PLA in the samples decomposed reflected its composition. Complete decomposition
(100%) was observed solely in specimens of the pure polymer (PLA-A) and PLA-based woven stack (PLA-D),
both with a high proportion of polylactic acid at least 98 wt%. The PLA filament (PLA-B) and sackcloth (PLA-
E) samples also decomposed to a great extent, wherein the polymer component was still high (> 90 wt%),
although they also contained admixtures of additives which could not be removed by the solvolysis reaction (ca
5-7 wt%). The PLA film (PLA-C) and tea bags (PLA-F) exhibited decomposition below 70%, due to the
presence of non-PLA components, such cellulose in PLA-F or high filler content (> 2%) in PLA-C. These
specimens exhibited lower degradability compared to other samples, consistent with their higher content of non-
PLA components. The degree of decomposition was directly correlated with the conversion of PLA to ethyl
lactate, the main product of solvolysis (Table 2, Figure 1). The mass balance was evaluated by comparing the
initial PLA content with the recovered solid residue after filtration, confirming that incomplete depolymerization
corresponded to the presence of non-reactive components. In this regard, the higher the degree of decomposition,
the greater the conversion of PLA to ethyl lactate, reflecting the higher accessibility of reactive ester bonds
within the PLA matrix. To obtain a product of the highest purity, the method of purification on a vacuum

evaporator from residual solvents was chosen (Table 2), [40].

10



For samples that did not undergo complete solvolysis depolymerization, the remaining solid fraction was
separated by filtration after completion of the reaction, as described in the experimental methodology. This solid
residue consisted predominantly of components originally present in the composite materials that were not
susceptible to solvolysis, including cellulose fibers, inorganic fillers (e.g., CaCO,), carbon black, and minor
fractions of secondary polymers. These residual solid fractions represent potentially valuable secondary
materials, which could be further utilized as cellulose-rich fillers, inorganic additives, or carbon-based materials,
rather than being discarded as waste. The recovery of this fraction reflects the partial decomposition of the PLA

matrix in these materials and the persistence of non-reactive or thermally more stable constituents.

The extent of PLA degradation (Dera)) does not always correspond directly to the conversion to ethyl lactate
(X)), as additives in the original material can reduce product formation even when the polymer matrix is
substantially decomposed [33,40]. These additives can impair product quality and, even after purification, may

lead to a decreased amount of the final product (e.g. PLA-B; Figure 1, Table 2).
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Figure 1 Effect of solvolysis on mixed PLA materials (A-F), showing polymer degradation and PLA conversion
to ethyl lactate under identical reaction conditions. RSD: 5.0 + 0.5% for polymer degradation and 2.1 + 0.3% for
polymer conversion (at least three measurements); no statistically significant differences were observed between

replicate measurements (P > 0.05).
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The course of decomposition for the individual samples, in relation to PLA conversion to ethyl lactate, is shown
in Figure 2. PLA-A showed a slower increase in polymer conversion during the first 120 minutes compared to
PLA-B, PLA-C, PLA-D. Once complete decomposition had occurred, ethyl lactate of very high purity and yield
(up to 900 g-L™', 98%) was obtained after solvent removal using a vacuum evaporator [40]. The conversion of
PLA to ethyl lactate increased proportionally with increasing PLA content in the respective material, at the
expense of additives and impurities. The lowest amount of ester product was observed for PLA-F, in which the
natural polymer fraction (cellulose) comprised at least 50% of the sample; this specimen also exhibited the
lowest degree of decomposition (Figure 1, Table 2).

The conversion of PLA to ethyl lactate (Xpra) was calculated based solely on the PLA fraction in the composite
materials, excluding inert fillers and non-reactive components. This approach reflects the true chemical
conversion of PLA, independent of the total composite mass. For cellulose-rich composites (e.g., PLA-F), this
calculation reveals a high conversion of the PLA fraction, despite a low absolute ethyl lactate amount due to

content of non-reactive cellulose (Table 2).

100.00
—4—PLA-A —& -PLA-B --¢-PLA-C -
80.00 F /,'#
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5 60.00
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0 30 60 90 120
Time (min)

Figure 2 Effect of solvolysis time on the conversion of PLA to ethyl lactate, calculated with respect to the PLA
fraction in the composite materials, RSD: 5.1 + 0.3% (three or more measurements); PLA-D at 120 min showed

a significant difference observed between replicate measurements (P < 0.05)
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Figure 3 Kinetic analysis of PLA conversion to ethyl lactate during solvolysis, based on pseudo-first-order

behaviour

Table 3 Kinetic parameters derived from the pseudo-first-order model

Sample -k (x 10 min?)  In(1-X) at 120 min (x 10?) tys (min) tyy (min)
PLA-A -1.154 —158.996 2597 3991
PLA-B -3.573 —415.515 838 1289
PLA-C -3.159 -364.131 948 1458
PLA-D -1.109 -1653.912 270 415
PLA-E —-5.291 —644.167 566 870
PLA-F —15.369 —1821.394 195 300

Since complete conversion (X = 1) would theoretically require infinite time for first-order kinetics, characteristic

times corresponding to 95% and 99% conversion (t,s and ty,) were calculated instead of t,;,,. Characteristic times

(tgs and ty,) were calculated from the pseudo-first-order equation t =— In (1 —-X ) k.

Kinetic analysis was performed assuming first- and second-order reaction models (Table 4) to compare
depolymerization behavior. Linearization using the first-order equation, In(1 — X) = —kt, gave good correlations
for most samples (R? = 0.80-0.98). The second-order model did not improve the fit and showed lower R?

especially for rapidly converting samples (PLA-D and PLA-F).
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As shown in Figure 3, the linear relationship observed for In(1-X) versus time suggests that the
depolymerization behaviour can be reasonably described by a pseudo-first-order kinetic model. Therefore,
suggesting that the rate is mainly governed by a single dominant mechanism, such as preferential degradation of
amorphous regions. This approach accounts for the heterogeneous nature of the PLA materials.
Deviations from ideal linearity were observed for PLA-D and PLA-F, likely due to heterogeneous structure and
changes in accessibility of reactive sites during degradation, which may be influenced by the presence and nature
of fillers and additives [16]. In PLA-F, the high cellulose content (>50 wt%) hinders solvent access to the
embedded PLA, slowing depolymerization of the remaining fraction. In PLA-D, the woven textile structure
combined with minor fillers creates heterogeneity, causing uneven reaction rates across the material. The applied
kinetic models provide apparent rate constants rather than intrinsic kinetic parameters. The higher rate constant

for PLA-F may reflect enhanced ethanol penetration and greater surface accessibility due to cellulose fibers.

Table 4 Apparent rate constants (k) and coefficients of determination (R?) for pseudo-first-order and second-

order kinetic models of PLA degradation.

Sample  k (x 10 min™) 1* order R? (1* order) k (x 10° min™?) 2" order R? (2" order)
PLA-A 1.154 0.886 1.262 0.900
PLA-B 3.573 0.975 4.411 0.962
PLA-C 3.159 0.973 3.803 0.963
PLA-D 11.089 0.801 28.359 0.691
PLA-E 5.291 0.894 7.549 0.923
PLA-F 15.369 0.802 40.262 0.727

The pseudo-first-order model provided consistently higher or comparable R? values compared to the second-
order model for all PLA samples (Table 4), indicating its superior suitability for describing the degradation

kinetics.

The degradation behaviour of PLA observed in this study is consistent with findings reported in previous work
[40] for pure PLA samples, where similar trends in thermal decomposition and product distribution were noted.
Compared to previous reports [32,33], the present approach achieved high depolymerization efficiency under
milder reaction conditions, offering advantages such a lower reaction temperature, use of non-toxic reagents, and
greater initial material quantities. Nevertheless, limitations such as slower kinetics or sensitivity to feedstock

purity should be addressed in future work to enhance practical applicability. Overall, the results indicate that
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composite content and material form primarily determine depolymerization efficiency and kinetic behavior under
comparable solvolysis conditions.

3.2 Characterization of the decomposition behaviour of mixed PLA waste samples

3.2.1 Determination of the molecular weights (M.,) of the polymer materials
Molecular weight (Mw) was determined for the original materials prior to solvolysis and for the residual

polymer after the reaction using gel permeation chromatography (GPC) (Table 5).

Table 5 Molecular weights (Mw) of PLA samples before and after solvolysis; RSD: 4.9 + 0.5% (three or more

measurements), no statistically significant differences were observed between replicate measurements (P > 0.05)

Sample M,, (kDa)* M, (kDa)" PDI (-)* PDI (-)®

PLA-A 187 / 3.66 /
PLA-B 171 11 2.33 1.76
PLA-C 103 22 2.82 2.28
PLA-D 108 / 2.72 /
PLA-E 126 15 3.82 1.11
PLA-F 45 6 1.97 1.22

 — prior to commencement of the solvolysis process

> _ after completion of the solvolysis process

For PLA-A and PLA-D, total decomposition prevented determination of Mw values, as no residual polymer
remained. The molecular weights of samples diminished in parallel with the degree of polymer decomposition
(PLA-B, C, E). PLA-F initially had a molecular weight of 45 kDa, which decreased to 6 kDa after degradation,
indicating extensive PLA degradation, with the residual fraction primarily consisting of cellulose and low-
molecular-weight fragments [33,40,46].

These results confirm that molecular weight reduction is consistent with the observed degradation trends and

supports the interpretation of compositional effects on solvolysis efficiency.

3.2.2 Thermochemical characterization of tested materials
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DSC and TGA were employed to characterize the thermal behavior of PL A materials before and after solvolysis,
in order to evaluate the effects of additives on solvolysis treatment on crystallinity and thermal stability of

materials.

3.2.2.1 Characterization of the thermal behaviour of materials using DSC

DSC analysis revealed variations in melting temperatures and degrees of crystallinity among the original PLA
materials, their dry matter after dissolution in chloroform, and the residues obtained after solvolysis. The
dissolution of the original materials in chloroform was performed to dissolve the PLA matrix and additives,
resulting in a more homogeneous and predominantly amorphous material, and enabling a clearer interpretation of

the DSC thermal transitions.

Although the differences between the original and dissolved samples in terms of melting temperatures and
degrees of crystallinity were relatively small, measurable variations were observed, as reflected by the Tm and
xc values listed in Table S1 (Supplementary Information). The observed thermal behaviour was influenced by
the presence of fillers and additives, manifested by shifts in Tg, cold crystallization, and changes in yc, which
help rationalize differences in depolymerization performance. DSC was used mainly to rationalize differences in
degradation behaviour, while detailed thermal parameters are provided in the Supplementary Information

(Chapter SI 1, Figure S1-S3).

In line with these DSC observations, thermal stability was further evaluated by TGA.

3.2.2.2 Thermal stability and degradation behaviour of materials using TGA

Thermal stability and degradation behaviour of the PLA materials before and after solvolysis were evaluated by

thermogravimetric analysis (TGA), with the onset of decomposition defined as a 5% mass loss (Figures 4 and 5).
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Figure 4 TGA curves of the input PLA (A-F) samples

Figure 4 shows the TGA curves of the original PLA materials (PLA-A-F). A detailed sample-specific
interpretation of degradation stages and quantitative residue analysis is provided in the Supplementary
Information (Section SI 2). All samples exhibited an initial mass loss below 250 °C, commonly attributed to the
presence of moisture and/or low-molecular-weight components [42,47-52] . The pure PLA-A sample underwent
a single-step thermal degradation process, with decomposition occurring mainly between 300-350 °C and an
onset temperature of approximately 305 °C, consistent with the reported thermal behaviour of neat PLA

[32,33,35,36].

In contrast, PLA materials containing fillers and additives exhibited earlier degradation onsets and more
complex, multi-step decomposition profiles. In particular, the presence of calcium carbonate (CaCO,) led to a
reduction in thermal stability compared to pure PLA, which has been attributed to the catalytic effect of mineral
fillers on the depolymerization of PLA ester bonds [15,24-26,29-31]. The incorporation of plasticizers further
contributed to a decrease in decomposition temperature, in agreement with literature reports on plasticized PLA
systems [24,37,38]. Conversely, samples containing a higher proportion of cellulose exhibited enhanced thermal

stability, confirming the stabilizing effect of cellulose on polymer matrices reported previously [53].

Overall, thermal degradation of PLA occurred predominantly within the temperature range of 150-400 °C (the

lower onset being associated with the presence of plasticizers and low-molecular-weight components),
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corresponding to chain scission degradation mechanisms [36,54]. The observed differences among the samples

reflect variations in additive content, crystallinity, and structural characteristics of the PL. A matrices.
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Figure 5 TGA curves of the PLA (B, C, E, F) samples after solvolysis

Since PLA-A and PLA-D were fully decomposed during solvolysis, they were not further evaluated by TGA.
The post-solvolysis samples generally exhibited lower decomposition onset temperatures and higher relative
inorganic residue contents, reflecting the removal of the PLA matrix and the enrichment of inorganic
components, particularly CaCO; [4,24,25]. A comprehensive discussion of the individual degradation steps and
residual mass fractions is given in the Supplementary Information (Section SI 2). In materials with higher
cellulose content, increased resistance to thermal degradation was retained even after solvolysis, in agreement

with DSC observations [53].

Taken together, TGA confirmed that the thermal stability and degradation behaviour of the investigated PLA
materials were strongly influenced by the presence of fillers, plasticizers, and secondary polymeric components.
These findings are consistent with the DSC results and demonstrate the combined effect of material composition
and solvolysis treatment on the thermal response of PLA. Detailed sample specific TGA interpretation and

quantitative residue analysis are provided in the Supplementary Information (Chapter SI 2).
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The presence of a residual solid fraction after solvolysis is further supported by DSC and TGA analyses, which
reveal thermal transitions and degradation profiles corresponding to non-PLA components. In particular,
cellulose-rich samples and materials containing inorganic fillers exhibit characteristic thermal stability and

residual mass, confirming that these components persist after selective depolymerization of the PL A matrix.

3.2.3 Chemical structures of tested materials
The investigated polymers were analysed by XRD and ATR-FTIR, with XRD used primarily to identify

crystalline phases. The diffractograms of each PLA material are detailed in Figure 6.

ICDD reference cards
CaCO; (01-72-1651)
—— PLA (00-064-1623)

Normalized intensity (counts)

2 theta (deg.)

Figure 6 Powder X-ray diffractograms for the dry mass of PLA (A-F) with reference cards: ICDD PDF (00-064-

1623, and 01-072-1651). Patterns are vertically offset for clarity

Figure 6 presents X-ray diffraction patterns for the PLA materials as dry mass (PLA-A-F). XRD revealed
diffraction lines between 16° and 23° 2 theta, and less prominent diffractions between 26°—40°. Diffractions
appearing at ~12—18° and in the range 40-70° 2 theta suggest the presence of additional phases associated with

additives or secondary polymer matrices. As illustrated in Figure 6, diffraction patterns were matched to PLA
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ICDD PDF reference card with number 00-064-1623. The slight shifts in the PLA diffraction peaks are most
likely caused by inhomogeneous morphology and differences in the macroscopic structure of the samples, which
can lead to small variations in their positioning on the sample holder. Based on the diffractograms, the
components could be assigned. The diffractograms indicate variations in filler content and material form among
the investigated samples (granules, foils, woven stack). After dissolution of PLA (A-E) samples in chloroform
and solvent evaporation, the materials exhibited reduced crystallinity, reflecting disruption of the original
polymer morphology (see the DSC results in Supplementary information, Table S1). The PLA-A pure polymer
exhibited predominantly amorphous character with only weak diffraction maxima (Table S1, Figure 6).
Characteristic broad reflections typical of semi-crystalline PLA were observed in the region of approximately
16-23 °. XRD analysis demonstrated the presence of additives in sample PLA-B, PLA-E compared with pure
PLA-A. PLA-D displayed additional diffraction peaks at approximately 12°, 35°, 58° and 70°, indicating the
presence of secondary polymeric components or additives (Table 1). PLA-E contained distinct peaks in the
regions of 10°, 35°, 58° and 70°, but differed from those in the case of PLA-D due to double peaks in the area
55-58°. These differences suggest the presence of additional polymeric components in sample E (for example
some cellulose), consistent with the compositional data in Table 1. Based on the XRD patterns, the PLA samples
denoted as B, E, F contain an inorganic filler CaCOs (a slight peak appears at ca 34-35 °), assigned to ICDD PDF
card 01-072-1651. Inorganic fillers (e.g., CaCOs3) were identified in PLA-C, while additional features potentially
associated with carbon black were observed in PLA-B and PLA-E (Figure 6, Table 1). In PLA-F, cellulose peaks
may overlap with PLA reflections in the 20—22° region, making unambiguous identification difficult. According
to the literature, peaks for PLA identification are in the area at 18 — 22°, which corresponds to the XRD patterns

observed for the examined materials (PLA-A-F) [16].

The ATR-FTIR spectra of all PLA-based composites were recorded to verify the presence of characteristic
functional groups and assess any structural modifications induced by additives. The spectra confirm the expected
chemical structures, and no unexpected peaks were observed. FTIR spectra are provided in the Supplementary

Information (SI 3; Figure S4-S9).

3.2.4 Elemental analysis of PLA composites

Elemental analysis was performed to determine the composition of the composites and quantify the content of

inorganic fillers and additives. The results indicate good agreement with nominal formulations and confirm the
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successful incorporation of all components. Elemental composition of the composites is summarized in Table S4

(Supplementary information, Chapter SI 4).

Overall, the main structural and compositional characteristics of the composites confirm successful

incorporation of additives and support the observed trends in solvolysis depolymerization efficiency.

3.2.5 Limitations and Future Directions

Despite the promising results obtained in this study, several limitations must be acknowledged. The solvolysis
conditions (using acetone as the solvent, ethanol as the nucleophile, a single organic catalyst, and fixed
temperature/time parameters) were not optimized for each material type, which may influence degradation
efficiency across different formulations. However, the conditions were based on an optimized procedure
described by Domincova Bergerova et al. [40], originally developed for PL A materials, where high product yield
and purity were demonstrated. Moreover, only five PLA-based materials were tested. While representative of
common additive types, they do not encompass the full diversity of commercially available PLA composites or
post-consumer waste. The mechanistic role of individual additives on the solvolysis process was inferred from
overall trends rather than investigated directly at the molecular level. In addition, the study did not assess
environmental impacts or economic aspects, which are critical for evaluating the feasibility of large-scale
application. The applied solvolysis conditions were comparatively mild and based on the use of environmentally

benign reagents relative to previously reported methods [11,15] .

Future work should address these limitations by expanding the scope to include industrial waste streams and
post-consumer PLA composites. Systematic optimization of solvolysis parameters and kinetic modelling could
improve product yield and overall process efficiency. In-depth studies on additive-matrix interactions during
solvolysis, including monitoring and molecular-level analysis, are needed to better understand the degradation
mechanisms. Furthermore, techno-economic and life cycle assessment will be essential for validating the

sustainability and scalability of this recycling method.

4. Conclusion

Compared with our earlier study on virgin PLA [40], this work demonstrates that the efficiency of solvolysis
depolymerization of poly(lactic acid) is primarily governed by the form of the material (granules, filaments,

textiles, laminates) and the presence and nature of industrial additives in the PLA composites. Granular and
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woven textile materials with high PLA content (=90 wt%) exhibited complete or near-complete
depolymerization, whereas laminated and cellulose-rich composite structures showed reduced conversion due to
limited accessibility of ester bonds within the heterogeneous matrix. Although additives influence crystallinity
and thermal stability, the results clearly show that compositional parameters decisively determine

depolymerization performance and product recovery.

Commonly used inorganic fillers and modifiers, such as calcium carbonate at low content (<1.5 wt%), carbon
black, and plasticizers, did not significantly hinder solvolysis and enabled high PLA conversion to ethyl lactate
(up to 98%). In contrast, high additive contents, particularly cellulose-rich matrices (>50 wt%), substantially
reduced depolymerization efficiency and PLA conversion to ethyl lactate, identifying cellulose-rich matrices as a
practical composition limit for solvolysis recycling under the applied conditions. This effect is likely due to
changes in accessibility of reactive ester bonds and altered degradation kinetics caused by high cellulose content.
Minor amounts (<1 wt%) of secondary polymers, such as DETPE or PBAT, showed no significant impact on the
solvolysis process. These findings indicate that solvolysis performance is governed not only by additive content
but also by additive chemical nature and its influence on polymer architecture, crystallinity, and accessibility of

ester bonds within heterogeneous composite matrices.

All investigated PLA-based materials underwent substantial depolymerization under the applied reaction
conditions, despite pronounced structural differences confirmed by XRD and ATR-FTIR analyses. Differences
in thermal degradation onset were attributed to variations in molecular weight (M.,), glass transition (T,), melting

temperature (Tr), and composite formulation, consistent with the observed degradation behavior.

The novelty of this work lies in extending solvolysis recycling from studies on virgin PLA to commercially
relevant composites and in systematically evaluating how industrial additives influence depolymerization
efficiency and ethyl lactate recovery. Detailed thermal analyses (DSC and TGA) support the interpretation of
degradation mechanisms and material stability, aiding process control and scalability considerations.
Importantly, the recovered solid residues represent a potentially valuable secondary material stream. Depending
on their PLA/non-PLA composition, these fractions may be further utilized, for example as cellulose-rich fillers,
inorganic additives, or carbon-based materials, rather than being treated as waste. This aspect highlights an
additional advantage of solvolysis within a circular economy framework, where both the depolymerized PLA

and the non-reactive composite constituents can be separated and valorized.
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Overall, the demonstrated solvolysis approach represents a promising pathway for the chemical recycling of
additive-rich PLA materials into high-purity ethyl lactate. Future work should focus on optimizing reaction

parameters, solvent recovery, and techno-economic assessment to further support industrial implementation.
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