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ABSTRACT

Poly(lactic acid) (PLA), a versatile bio-based polyester, is valued for its industrial compostability. However, the
incorporation of flame retardants (FRs) can alter its degradation behavior. In this study, PLA composites con-
taining 15% of commonly used phosphorus- and nitrogen containing flame retardants—ammonium poly-
phosphate (APP), microencapsulated ammonium polyphosphate (MC-APP), and melamine polyphosphate
(MPP)—were prepared and subjected to controlled aerobic composting to evaluate their disintegration and
degradation behavior. Post-composting analyses using gel permeation chromatography, Fourier-transform
infrared spectroscopy, thermogravimetric analysis, and differential scanning calorimetry revealed that the ad-
ditives influenced the degradation kinetics but did not compromise compostability. All flame retarded PLA
composites achieved complete disintegration within 21-28 days under industrial composting conditions. APP
was found to leach out rapidly under composting conditions, resulting in only marginal effects on the biodeg-
radation process, whereas the less hydrolysis-sensitive MC-APP and MPP particles were found to slightly
accelerate the bio-fragmentation of the PLA’s molecular chains.

Ecotoxicological evaluation of the compost, using Sinapis alba (white mustard) root elongation as an indicator,
showed that the phytotoxicity of the examined polyphosphate flame retardants is influenced not only by their
chemical structure but primarily by their solubility. Based on the ECyg values, the mature compost derived from
flame-retarded PLA composites is expected to exhibit only limited adverse effects on compost quality under
industrial composting conditions.

Overall, the results demonstrate that PLA composites containing polyphosphate-type flame retardants main-
tain industrial compostability, with only minor differences in degradation rate, mechanism, and compost quality
compared to neat PLA.

1. Introduction

concerns, particularly regarding end-of-life management [1]. Accumu-
lation of plastic waste underscores the urgent need for sustainable ma-

Plastics are among the most widely used materials today, with global
annual production reaching approximately 400 million tons, and this
figure is expected to continue rising [1]. Their versatility and low cost
have made them indispensable across multiple industries. However, the
rapid growth in plastic use has raised significant environmental
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terials, effective recycling, and waste management strategies.

In this context, biopolymers have gained increasing attention as
sustainable alternatives to conventional plastics. Among them, poly
(lactic acid) (PLA) is the most commonly used biopolymer: it is bio-
based, as it can be produced from agricultural waste, and
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biodegradable under appropriate conditions. PLA’s biodegradability is
particularly advantageous in applications such as disposable packaging,
compostable bags and utensils, and agricultural products like mulch
films and plant pots, where reducing environmental impact is a key
concern. At the same time, PLA is highly versatile and is increasingly
used in technical fields such as the mobility sector, electronic devices,
and construction materials [2-4], where its biodegradability apparently
does not provide functional benefits. In these cases, the incorporation of
fillers and additives, such as flame retardants, is necessary to meet
performance and safety requirements. While these components are
intended to remain functional during use, the inherent biodegradability
of PLA may still be emphasized to minimize environmental persistence
after disposal.

Phosphorus-nitrogen (P-N) containing compounds, primarily
employed in intumescent flame retardant (IFR) systems, are widely used
to enhance the flame retardancy of PLA [5]. In these systems, combus-
tion leads to the formation of a carbonaceous foam layer, which inhibits
the transfer of combustible gases and heat between the condensed phase
and the flame [5]. In PLA composites, IFRs are typically incorporated at
loadings of 10-30 wt% [6,7]. Ammonium polyphosphate (APP) and
melamine polyphosphate (MPP) are commonly used IFRs, as they can
simultaneously act as an acid source and a blowing agent, and possess
high phosphorus content [8]. APP is often applied in a micro-
encapsulated form to improve its compatibility with polymers and
reduce water absorption, thereby enhancing its efficiency as a flame
retardant [9]. Moreover, the encapsulating shell can serve as a carbon-
izing agent, enabling the creation of a “3-in-1” IFR system [10]. Clay
minerals such as montmorillonite (MMT) and sepiolite (SEP) show
synergistic effects when combined with P-N flame retardants [11-13].
At low filler contents (<3 wt%), significant anti-dripping behavior and
enhanced char formation are achieved [14]. Owing to their availability
and balanced flame-retardant performance, these materials are
increasingly employed in a variety of PLA-based flame-retardant sys-
tems [15-17].

Flame retardants (FRs) influence a wide range of properties in
polymer composites, including mechanical performance, thermal sta-
bility [18], and biodegradability [19,20]. The investigation of these
properties is essential in material development, as it ensures that the
effects of additives are fully understood and properly addressed. Disin-
tegration of plastics under various conditions (sediment, seawater,
compost, soil, sludge, or landfill) is generally simply assessed by moni-
toring the size reduction or weight loss over time [21], while biodeg-
radation caused by biological activity is typically evaluated based on the
production of CO, and CH4 or the consumption of Oy [22]. However,
combining these approaches with other analytical techniques—such as
gel permeation chromatography (GPC) [23,24], thermogravimetric
analysis (TGA) [25], differential scanning calorimetry (DSC) [26], and
Fourier-transform infrared spectroscopy (FTIR) [27]—provides a more
comprehensive understanding of the degradation processes, as these
methods allow for the assessment of decomposition as well as compo-
sitional and structural changes.

The effect of FRs on the biodegradability of PLA is a complex and
relatively underexplored area. While certain flame retardants can
inhibit PLA’s biodegradation, others—particularly bio-based com-
pounds—may promote or accelerate it. Qiu et al. investigated the in-
fluence of bio-derived flame retardants on the degradation behavior of
PLA. Specifically, the incorporation of LC-PA/TA [28], synthesized from
phytic acid (PA), L-citrulline (LC), and tannic acid (TA), as well as
PA@CHTM [29], composed of chitosan microspheres (CHTM) and PA
forming a core-shell structure, was found to significantly accelerate the
degradation rate of PLA under outdoor soil conditions.

Although the degradation behavior of flame-retardant-containing
PLA products is strongly influenced by experimental conditions, to
date, no studies have attempted to simulate relevant industrial com-
posting conditions. Furthermore, the fate of different flame retardants
during composting and their potential toxicity to the resulting compost
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remain unclear, raising questions about the safety and quality of
compost produced from these materials.

In this study, the degradability of PLA containing commonly used
phosphorus and nitrogen-containing flame retardants is investigated,
aiming to understand how these additives influence degradation
behavior under relevant composting conditions. Moreover, the fate of
the flame retardants and their potential impact on the safety and quality
of the resulting compost are also addressed. The insights gained from
this work are expected to guide the development of PLA-based materials
that achieve an optimal balance between performance, safety, and
environmental sustainability.

2. Materials and methods
2.1. Materials

PLA composite systems were prepared using Ingeo™ Biopolymer
3052D (PLA, NatureWorks LLC, U.S.) along with additives including
chain extender (CE, Joncryl ADR-4468, BASF SE, Germany), and
bentonite-type montmorillonite (MMT, CLOISITE® 116, BYK Additives,
Germany). The used flame retardants were neat ammonium poly-
phosphate (APP, Exolit® AP422, P content 31.0-32.0 wt%, N content
14.0-15.0 wt%) and melamine resin microencapsulated APP (MC-APP,
Exolit® AP462, P content 29.0-31.0 wt%, N content 15.0-17.0 wt%)
supplied by Clariant GmbH (Switzerland), and melamine polyphosphate
(MPP, Budit® 341, P content 12.0-14.0 wt%, N content of 42.0-44.5 wt
%) from Chemische Fabrik Budenheim KG (Germany). Tetrahydrofuran
(THF, >99.5%, Molar Chemicals Ltd., Halasztelek, Hungary) was used
for GPC measurements without further purification.

For comparative purposes, three types of reference samples were
used: virgin PLA hot-pressed from pellets (PLA-V), PLA extruded
without any additive (PLA-E), and PLA extruded with the co-additives
(MMT and CE) without any flame retardants (PLA-SE). The PLA-SE
sample served as a critical reference point for assessing the effect of
flame retardants in systems where co-additives were also present,
enabling a clearer evaluation of additive interactions in the flame-
retardant PLA composites. The PLA-E sample was the reference point
for evaluating the effects of the co-additives, while PLA-V was a refer-
ence for the effects of thermal degradation that may occur during the
extrusion. The composition of the manufactured samples is presented in
Table 1.

2.2. Sample preparation

2.2.1. Extrusion

Prior to processing, both the PLA and the flame retardant additives
were dried at 80°C. Compounding was carried out using an LTE 26-44
twin-screw extruder (Labtech Engineering, Thailand) featuring a
modular screw design, a screw diameter of 26 mm, and a length-to-
diameter (L/D) ratio of 44:1. The applied temperature profile along
the extruder barrel was set to 160/160/165/165/170/170/175/175/
180/180°C, and the screw speed was maintained at 80 rpm. Prior to
feeding, the PLA and additives were pre-homogenized to ensure uniform
dispersion. The resulting extrudate was pelletized using an LZ-120/VS
(Labtech Engineering Co., Ltd., Thailand) strand pelletizer.

Table 1
The composition of the PLA samples.
Sample name PLA [%] MMT [%] CE [%] FR [%]
PLA-V 100.00 -
PLA-E 100.00 - -
PLA-SE 98.25 1.50 0.25 -
PLA/APP 83.25 1.50 0.25 15.00
PLA/MC-APP 83.25 1.50 0.25 15.00
PLA/MPP 83.25 1.50 0.25 15.00
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2.2.2. Compression moulding

The pellets were compressed into sheets at 180°C under a pressure of
100 bar using a P 200 E (COLLIN Lab GmbH, Germany) heated hydraulic
press. For the fire tests, 130 x 130 x 3 mm?® samples were prepared,
while for composting, the pellets or compounded granules were placed
into a 120 x 120 x 0.5 mm? steel mould. The obtained sheets were then
cut to the required dimensions according to the specific test
requirements.

2.3. Testing methods

2.3.1. Flammability tests

Test specimens used for flammability tests measured 100 mm in
length, 10 mm in width, and 3 mm in thickness. The Limiting Oxygen
Index (LOI) test was conducted per ASTM D2863 on an FTT0077 device
(Fire Testing Technology, U.K.). The UL 94 flammability tests followed
the ASTM D635 and D3801 standards, including horizontal and vertical
configurations.

2.3.2. Composting

The compost medium composition and treatment regimen of the
materials were based on the ISO 20200:2023 standard. The composting
reactors were polypropylene boxes (300 x 200 x 100 mm?) with lids
and pre-drilled 5 mm diameter holes on both sides to ensure adequate
aeration. The composting was performed at 58°C in a DN-63 ventilated
drying cabinet (Baxter International Inc., U.S.).

Six test specimens (25 x 25 mmz) of each composition (detailed in
Table 1) were buried approximately 1 cm deep in the compost of each
container. Over the course of 4 weeks, photographs were taken of a
reference specimen embedded in the compost throughout the entire
period. Also, samples of composted PLA were taken at regular intervals
for subsequent analysis. After removal from the compost, the samples
were gently wiped with ethanol to remove any residual compost mate-
rial. The cleaned samples were left at room temperature to dry before
measurements for at least 48 hours.

2.3.3. Gel permeation chromatography

The gel permeation chromatography (GPC) measurements were
performed using a system consisting of a Waters 515 HPLC pump (Wa-
ters Co., Milford, MA, USA), a guard column, a column set composed of
Waters Styragel HR1, HR3, and HR4 columns (Waters Co., Milford, MA,
USA), a Jetstream II Plus thermostat, and an Agilent 1260 Infinity dif-
ferential refractive index detector (Agilent Technologies, Santa Clara,
CA, USA). Analyses were conducted in tetrahydrofuran (THF) at a flow
rate of 0.3 mL/min and a temperature of 35°C. The chromatograms were
evaluated with PSS WinGPC software applying a calibration based on
narrow molecular weight distribution polystyrene standards.

The control and composted PLA samples were dissolved in THF
overnight at room temperature, followed by 2 hours of heating at 50°C.
After cooling, all solutions were filtered through a 0.45 pm filter. For the
PLA/MPP samples, which remained highly opalescent even after heat-
ing, the solutions were first filtered through a 1.2 pm syringe filter and
then through a 0.45 pm filter. In all cases, the resulting solutions were
homogeneous and transparent, with a slightly yellowish color of the
solutions for samples composted for several days.

2.3.4. Infrared spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy was used to analyze
the chemical composition of the composted PLA samples qualitatively.
The spectra were recorded using a Tensor 37 FTIR spectrometer (Bruker
Corporation, U.S.) in transmission (TR) mode, as well as in attenuated
total reflectance (ATR) mode with a Specac Golden Gate ATR accessory.

To ensure the comparability of spectra over time and between
samples, baseline correction was made, particularly below 1800 em’,
where drift may occur. Following this, normalization was performed
using a stable internal reference band, the methylene (CH;) deformation
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vibration around 1454 cm™, which has been shown to remain relatively
constant during degradation [30,31].

2.3.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to examine the
thermal behaviour of the samples. A TA Instruments Q5000 TGA (Wa-
ters Corporation, U.S.) system was used. The measurements were con-
ducted in a nitrogen atmosphere (25 mL/min). Approximately 10 mg of
each sample, and the temperature range was set from 50 to 800°C, with
a heating rate of 10°C/min.

2.3.6. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to determine the
thermal transitions of the samples. Measurements were performed with
a DSC 3+ instrument (Mettler Toledo, Switzerland). Approximately 10
mg of each sample was measured in an open 100 pl aluminium crucible.
The thermal program consisted of three cycles: first heating from 25 to
200°C at 10°C/min, cooling from 200 to 25°C at 2°C/min, and a second
heating from 25 to 200°C at 10°C/min. Data were evaluated using
STAR® Evaluation Software (Mettler Toledo, Switzerland). From the
recorded heat flow data, the glass transition and melting temperatures
were determined, and the degree of crystallinity of the PLA samples was
calculated, considering the melting enthalpy, cold crystallization
enthalpy, the theoretical melting enthalpy of 100% crystalline PLA [32],
and the mass fraction of additives.

2.3.7. Ecotoxicity test (plant growth inhibition)

Sinapis alba (white mustard) is a sensitive test plant whose growth is
inhibited in the presence of toxic contaminants, making it suitable for
the assessment of soil and water pollution. The applied test procedure
was based on the Hungarian standards HS 21976-17:1993 [33] corre-
sponds to a simplified terrestrial plant growth inhibition assay compa-
rable to ISO 11269-1 (Seedling emergence and growth test) [34]. Toxic
effects were evaluated based on root elongation inhibition.

The base compost medium described in Section 2.3.2 was allowed to
mature for 10 days prior to testing. After maturation, the compost ma-
terial was air-dried at room temperature to a constant mass and ho-
mogenized. The three types of flame-retardant (FR) additives were
incorporated into the dried compost at nominal concentrations of 3,000,
7,500, 15,000, and 30,000 ppm (w/w, dry matter basis). Compost
without added FR served as the reference medium.

The lowest test concentration (3,000 ppm) was selected based on the
FR loading (15%) of the PLA sheets and the estimated polymer amount
introduced during the composting experiments, calculated from the dry
mass of compost and the mass of polymer sheets added. The upper
concentration was derived from the maximum polymer content
permitted by composting standards combined with a worst-case additive
content of 30 wt% within the polymer matrix. This calculation resulted
in a theoretical maximum FR concentration of approximately 30,000
ppm in the compost, which was therefore included to ensure adequate
bracketing of the ECyy and ECsq values, which represent the effective
concentrations causing 20% and 50% inhibition of the measured
endpoint relative to the control, respectively.

Due to the possible hydrolytic degradation of the FR additives over
time, two experimental exposure scenarios were investigated. In the first
test series (fresh), ecotoxicity was assessed using compost samples con-
taining freshly incorporated FR additives. In the second test series
(mature), the FR-amended compost was subjected to additional com-
posting conditions for two weeks prior to testing in order to allow partial
degradation and transformation of the additives. After this degradation
period, the compost samples were used for the ecotoxicity assay under
identical conditions.

For the ecotoxicity assessment, the compost samples were air-dried
to constant mass, ground, and sieved, then 5.0 g portions of the
additive-containing and reference compost were placed into glass Petri
dishes (90 mm diameter) and evenly distributed. The compost was
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moistened with 12 mL of boiled tap water. Sinapis alba seeds (20 seeds
per dish) were placed uniformly on the compost surface. The Petri dishes
were wrapped in aluminium foil to exclude light and incubated at 22°C
for 72 h under dark conditions. Each treatment and the reference
compost were tested in three replicates.

After the incubation period, the root lengths of individual seedlings
were measured using a ruler. Root elongation inhibition was evaluated
based on root length measurements and was expressed as a percentage
relative to the untreated control according to the following equation:

I=
C

x 100

where I is the inhibition of root growth expressed as a percentage, C is
the mean root length of seedlings grown on the control (additive-free
compost matter), and S is the mean root length of seedlings grown on the
treated compost. A sigmoidal dose-response regression model using a
logistic function was fitted to the concentration-response data using
OriginPro (OriginPro, Version 2026, OriginLab Corporation, North-
ampton, MA, USA), and ECyy and ECsg values were derived from the
fitted model.

3. Results and discussion

The influence of three commonly used P-N flame retardants—APP,
MC-APP, and MPP—at an identical loading of 15% was investigated
with respect to the fire retardancy performance and degradation char-
acteristics of PLA under industrial composting conditions, as well as
their implications for compost quality and environmental safety. In
addition, the effects of melt processing and the presence of co-additives
were also evaluated by analyzing suitable PLA reference materials.

3.1. Flammability testing of flame retarded PLA composites

The influence of the P-N flame retardants on the flammability
characteristics of PLA was evaluated using LOI measurements and UL 94
flammability tests, respectively. The results are summarised in Table 2.
The LOI value of the virgin PLA composite (PLA-V) decreased from 23%
to 22% after melt processing, likely due to molecular degradation during
thermomechanical treatment, but increased back to 23% upon the
addition of CE and MMT co-additives, both of which are expected to
increase the melt viscosity [35,36]. Considering the UL 94 testing re-
sults, all PLA references are HB-rated in the absence of flame-retardant
additives; however, the extrusion process and the presence of CE and
MMT additives slightly reduced the horizontal flame-spread rate.

At a 15% loading, among the flame retarded samples, PLA/MC-APP
yielded the highest LOI value of 34.5%. This performance was further
accompanied by a V-0 classification according to the UL 94 test. The PLA
composites with 15% APP or MPP reached V-2 rating due to flaming
drops of molten material that ignited the cotton below the specimens.
MPP was slightly less effective than APP in reducing flammability and
increasing LOI of PLA, which is associated with its lower phosphorus
content and comparatively weaker condensed-phase char-forming ac-
tivity [37]. Although PLA/APP and PLA/MC-APP exhibit similar LOI
values, MC-APP provided a superior, V-0 UL 94 rating due to its
nitrogen-containing melamine resin shell, which promotes more

Table 2
LOI and UL 94 results of the samples.

Sample name LOI [%] UL 94 classification
PLA-V 23.0 HB (v¢=29.7 mm/min)
PLA-E 22.0 HB (v¢= 26.1 mm/min)
PLA-SE 23.0 HB (vf=23.1 mm/min)

PLA/APP 33.0 V-2

PLA/MC-APP 34.5 V-0

PLA/MPP 29.0 V-2
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effective intumescent char formation and self-extinguishing behaviour
during the dynamic vertical burn test.

3.2. Investigation of the degradation behaviour of PLA during composting

In this first part, the analysis results of the PLA-V sample are pre-
sented to give an understanding of the processes occurring during
composting.

3.2.1. GPC

The GPC chromatograms presented in Fig. 1 illustrate the molecular
weight evolution of PLA during industrial composting over a period of
0 to 25 days. Corresponding results, such as number average molecular
weights (M;), peak molecular weight (M), and dispersity (D), are
summarised in Table S1 of the supplementary appendix. The initial, non-
composted sample (day 0) exhibits a relatively broad elution peak at
lower elution volumes, corresponding to a high number average mo-
lecular weight (M,=106,300 g/mol) polymer. After 4 and 7 days of
composting, the chromatograms progressively shift toward higher
elution volumes, indicating a pronounced reduction in molecular weight
due to abiotic hydrolytic chain scission.

At the beginning of the composting process, the molecular weight
distribution broadens and the main peak shifts to higher elution vol-
umes, reflecting ongoing polymer degradation and the formation of
lower molecular weight fractions. From approximately day 14 onward,
the chromatograms largely overlap, dominated by peaks at high elution
volumes, suggesting extensive depolymerization and convergence to a
low molecular weight region of 3,500-4,500 g/mol. Minor shoulders
and tailing observed at later stages indicate the presence of low mo-
lecular weight oligomers and heterogeneous fragments. According to the
literature [38,39], PLA macromolecules in the 10,000-20,000 g/mol
range become susceptible to microbial degradation, being converted
into carbon dioxide, water, and humus. Accordingly, biotic fragmenta-
tion of PLA is assumed to begin around day 7, while mineralization —
microbial consumption of low molecular weight oligomers — dominates
by day 14.

Overall, the GPC results demonstrate rapid molecular weight
reduction of PLA during the early stages of industrial composting, fol-
lowed by a plateau phase at longer composting times, consistent with
advanced polymer breakdown under composting conditions [23,24].

3.2.2. FTIR spectroscopy

The degradation of PLA under composting conditions proceeds
through distinct stages, each marked by characteristic changes in the IR
spectra recorded in ATR mode. As it is presented in Fig. 2, in the early
phase (e.g., days 0-7), the intensity of the carbonyl stretching band near
1753 em™ tends to decrease, reflecting chain scission and the onset of
hydrolytic fragmentation. This process leads to a breakdown of the ester
backbone and the formation of shorter chains, which is accompanied by
a broadening or splitting of the carbonyl region as new oxygen-
containing functional groups emerge [31,40].

In the subsequent stage (approximately days 11-14), a new absorp-
tion emerges around 1600 cm™, attributed to the formation of carbox-
ylate end groups. This change has been associated with microbial
activity, where lactic acid and its oligomers on the polymer surface are
metabolized by microorganisms, leaving behind ionized carboxyl
groups at the ends of the polymer chains [26,27]. This spectral evolution
signifies the transition from purely chemical degradation to microbially
driven processes.

Later in the degradation timeline (days 18-25), further changes
become evident: a pronounced increase in the free hydroxyl band near
3274 cm™ [41], and the appearance of new bands around 1635 and
1543 cm™, characteristic of amide I and aminde II vibrations of proteins,
which indicates the presence of microbial proteins and enzymes on the
polymer surface [41]. The emergence of the broad band in the
3100-3300 cm’! region, associated with O-H and N-H stretching
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Fig. 1. GPC chromatograms of the reference PLA-V sample as a function of composting time.
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Fig. 2. ATR-FTIR spectra of the PLA-V sample over composting time.

vibrations, further supports the formation of a microbial biofilm on the
sample surface [41]. These features collectively suggest advanced stages
of biodegradation, including mineralization. Additionally, the emer-
gence of a band near 2363 cm™ can be linked to CO, evolution, sup-
porting the conclusion that microbial activity has led to significant
mineral byproduct formation [27].

The structural evolution of PLA during the composting process is
illustrated schematically in Fig. 3. According to the FTIR spectroscopic
results, the analysed reference PLA-V sample underwent composting

® o
@ -cooH

() -coor
O

polymer
chain

degradation in accordance with previously reported literature, both in
terms of behaviour and duration [39].

3.2.3. TGA and DSC analyses

The thermal properties of PLA undergo significant changes during
composting as a result of hydrolytic degradation and microbial activity
[25]. Fig. 4a presents the evolution of the TGA and dTG curves of the
virgin PLA-V sample over the composting period, while corresponding
data are given in Table S2 of the supplementay appendix. During the

Fig. 3. Schematic representation of the degradation processes.
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Fig. 4. (a) TGA and dTG curves; and (b) DSC curves of the PLA reference (PLA-V) material over composting time.

first 14 days, the decomposition temperature gradually decreases,
indicating pronounced chain scission caused by hydrolytic degradation
and bio-fragmentation. By day 18, a noticeable increase in the residual
mass is observed, suggesting the onset of mineralization, which is
associated with the formation of biomass by microbial action.

The evolution of the second-heating DSC curves of the PLA-V sample
with increasing decomposition time is presented in Fig. 4b. The multiple
melting peaks observed during 4-18 days of composting are attributed
to the presence of distinct crystalline structures or lamellae with varying
perfection [42]. As degradation progresses, both cold crystallization and
melting temperatures decrease compared to their initial values,
reflecting molecular weight reduction and structural disintegration of
the polymer chains [43]. The disappearance of crystallization and
melting peaks by 21 days of decomposition reflects the breakdown of
PLA into smaller molecules and the consequent loss of crystalline
structure.

3.3. Compostability of flame retarded PLA composites

In this second part, the influence of melt-processing and the incor-
poration of P-N flame retardants on the compostability and degradation

i Day0 Day4 Day7 Dayll

PLA-E

behavior of PLA are presented, with complementary evaluation of the
ecotoxicological impact of the resulting compost.

3.3.1. Determination of the degree of disintegration of flame retarded PLA
composites under composting conditions

Photographs illustrating the physical disintegration of PLA compos-
ite sheet samples over the 28-day composting period are presented in
Fig. 5. The last samples were taken at day 25; after that, there were no
collectable samples present. According to ASTM D6400 [44] and ISO
20200:2023 [45], a plastic product is considered to have demonstrated
satisfactory disintegration if, after 12 weeks in a controlled composting
test, no more than 10% of its original dry weight remains on a 2 mm
sieve. This criterion was met by all the studied PLA composites within 4
weeks. Therefore, all the studied flame-retarded PLA (FR-PLA) com-
posites containing 15% of a polyphosphate-type additive can be
considered compostable under industrial aerobic composting condi-
tions. Depending on the composition, only minor differences in disin-
tegration time (ranging from 21 to 28 days) were observed. Compared to
virgin PLA (PLA-V), the addition of MPP appeared to slightly delay the
physical breakdown of PLA into smaller fragments (Fig. 5).

Day 14 Day 18 Day21 Day25 Day 28

Fig. 5. Photos of the composted PLA samples over time.
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3.3.2. Effect of processing on PLA’s degradation

Fig. 6 shows the evolution of the number average molecular weight
(M) of the three PLA reference materials during industrial composting
over 25 days. Additional data are given in the Supplementary (Table S1).
For each formulation, the ‘O day’ GPC measurement corresponds to the
sample taken immediately after processing and prior to composting.
PLA-V (hot-pressed virgin PLA) serves as the baseline for evaluating
processing-induced molecular changes. All three PLA materials exhibit a
rapid decrease in M, during the early stages of composting, reflecting
the expected molecular weight reduction due to significant hydrolytic
chain scission. PLA-V starts with an M;, of 106,300 g/mol and shows a
sharp decline within the first 11 days to 4,700 g/mol. PLA-E follows a
similar trend, starting from an M, of 105,400 g/mol to 4,900 g/mol,
suggesting that melt-processing only marginally increases susceptibility
to degradation. PLA-SE, containing co-additives, has the highest initial
M, of 112,800 g/mol and shows the slowest initial decrease, indicating
that the crosslinks introduced by the used CE temporarily retard hy-
drolysis of the polymer chains. After approximately 18 days, the M,
values of all three materials converge to a low molecular weight plateau
around 4,000 g/mol (Table S1), indicating extensive depolymerization
and formation of oligomeric species.

The effects of extrusion processing and the addition of CE and MMT
on the time-dependent evolution of the thermal characteristics of flame-
retardant-free PLA samples were investigated using TGA analysis. The
temperature of maximum degradation rate (Tp,q) and the residual mass
at 500°C are compared as a function of composting time for the three
reference samples in Fig. 7a and 7b, respectively. Accordingly, three
stages of degradation can be identified [46,47]: hydrolysis-induced
chain scission (0-7 days); bio-fragmentation (7-14 days), and mineral-
isation (14-28 days).

The temperature of maximum degradation rate (Tpq) is initially
slightly lower for the extrusion-processed reference (PLA-E), which is
likely due to processing-induced degradation of the material. The PLA-
SE sample yielded a higher residual mass over the composting period,
which can be attributed to the presence of MMT. The MMT promotes
charring of PLA and consequently increases the amount of inorganic
residue [48]. The apparent increase in TGA residual mass observed after
14 days of composting (Fig. 7b), at which point PLA has already
degraded to low-molecular-weight fragments (as seen in Fig. 6), is not
associated with PLA decomposition products but is instead attributed to
microbial biomass embedded within the softening PLA fragments
(which become inseparable at advanced stages of degradation), as well
as to small quantities of compost residues adhering to the surface.

Nevertheless, no noticeable shifts in the degradation stages were

PLA-V
100,000 SLAE
_ PLA-SE

3
E
210,000
s

1,000
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Time [day]

Fig. 6. Evolution of the number average molecular weight (M,,) of the reference
materials over composting time.
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observed between the analysed reference samples. Hereinafter, PLA-SE,
containing the same co-additives and manufactured under identical
processing conditions, will be used as the reference for evaluating the
performance of the flame-retarded PLA composites.

3.3.3. GPC analysis of the composted FR-PLA samples

The evolution of the M; of the flame-retardant-containing PLA
composites during composting is presented in Fig. 8a. In the early stage
of composting, all formulations show a rapid decrease in My, indicating
intense chain scission driven by hydrolytic degradation. After approxi-
mately 14 days, the degradation rate slows, and M;, gradually decreases
to about 3,000-4,000 g/mol by day 18-21, where it begins to level off.
Overall, the degradation trends are similar for all formulations. Minor
differences are observed during the intermediate stage (around days
7-14), where PLA/APP retains slightly higher M;, values compared to
PLA/MC-APP and PLA/MPP. This indicates that chain scission of PLA
proceeds somewhat faster in the presence of MC-APP and MPP, while
APP does not cause any noticeable change compared to the reference
sample (PLA-SE).

Fig. 8b presents the molecular weight distribution of PLA-SE and the
flame-retardant containing PLA composites after 7 days of composting.
All samples display a predominantly multimodal distribution centered
in the mid-to-high molecular weight range (10-10° g/mol), indicating
that, despite significant degradation, a considerable fraction of polymer
chains remains within this range after one week. However, distinct
differences are apparent in the low-molecular-weight region. The
reference sample (PLA-SE) and PLA/APP show a comparable, relatively
symmetric, and narrower distribution, suggesting more uniform bulk
hydrolysis, suggesting that APP does not noticeably accelerate early-
stage degradation under the investigated conditions. In contrast, PLA/
MC-APP and PLA/MPP exhibit broader distributions with noticeable
shoulders extending toward lower molecular weights (10°-10* g/mol).
This behaviour indicates enhanced chain scission and increased forma-
tion of oligomeric fragments, reflecting a less homogeneous degradation
process.

Based on the GPC results, MC-APP and MPP appear to promote
earlier or more heterogeneous fragmentation, possibly due to localized
acidic effects during hydrolysis. Nevertheless, by the end of the com-
posting period, all samples converged to similar molecular weight
values. It can be concluded that the presence of the investigated phos-
phorus- and nitrogen-containing flame retardants does not significantly
alter the long-term molecular weight reduction behaviour of PLA under
industrial composting conditions.

3.3.4. TGA analysis of the composted FR-PLA samples

The effect of phosphorus- and nitrogen-containing flame retardants
on the degradation process was monitored through changes in thermal
characteristics obtained from TGA analyses over the composting period.
The temperature corresponding to the maximum degradation rate and
the residual mass at 500°C as a function of composting time are pre-
sented in Fig. 9a and b, respectively. As seen in Fig. 9a, the decrease of
Tmax occurs somewhat later for the FR containing PLA composites,
around 11-14 days, compared to the reference PLA-SE sample. Based on
the GPC results presented in Fig. 8, the change in Tp,ax is not primarily
due to variations in molecular weight but rather to char formation from
the polyphosphate-type flame retardants during TGA, which acts as a
protective barrier and effectively stabilizes the polymer against further
high-temperature decomposition.

The char-promoting effect of the used polyphosphate-type FRs is also
indicated by the noticeable residue (13-15%) inherently formed from
the FR-containing PLA composites (Fig. 9b). The decreasing amount of
charred residue over the first 14 days indicates a reduction in
phosphorus-containing species, suggesting the leaching or decomposi-
tion of the used P-N flame retardant additives under composting con-
ditions. By day 14, an increase in residual mass is observed, suggesting
the onset of mineralization associated with biomass formation through
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Fig. 7. TGA results of the composted reference materials; a) temperature of the maximal degradation speed (Tnqy); b) residue of the samples at 500°C.
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Fig. 9. (a) Temperature of the maximal degradation speed (T;,q), and (b) the residue at 500°C of the TGA measurements of the composted FR PLA samples.

microbial activity, similarly to the results of others [39,49,50]. This
process is most pronounced in the FR-free reference sample. It is pre-
sumed that the decomposition products of the polyphosphates increase
soil acidity, which in turn reduces microbial activity.

3.3.5. DSC analysis of the composted FR-PLA samples

The changes in the transition temperatures and crystallinity of the
FR-containing composites over the composting period are presented in
Fig. 10 and Fig. 11, respectively. As can be seen in Fig. 10, the transition
temperatures show similar trends across the different PLA-based for-
mulations throughout the composting period. Considering the melting
temperature (Tinering) (Fig. 10a), the three stages of biodegradation [51]
can be clearly distinguished. The first stage, occurring between 0 and 7

days, involves hydrolytic chain cleavage, where the polymer chains
begin to break down through hydrolysis. Following this, between 7 and
14 days, bio-fragmentation takes place, which is influenced by both
abiotic factors, such as temperature and moisture, and biotic factors like
microbial activity. Finally, after 14 days, the process of mineralization
occurs, during which the fragmented polymers are further broken down
and converted into inorganic substances like carbon dioxide, water, and
biomass by microorganisms. The glass transition temperature (Tg) of the
samples shows a progressive decrease during degradation (Fig. 10b),
dropping by approximately 10°C after 14 days. This decline reflects the
reduction of the amorphous phase and an increase in chain mobility,
which can be attributed to molecular weight reduction as well as the
potential plasticizing effect of degradation byproducts, such as lactic
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Fig. 11. Crystallinity values from the heating DSC cycles of the FR samples obtained from (a) 1% cycle, and (b) 2™ cycle.

acid oligomers [26].

As shown in Fig. 11a, the crystallinity of the initially almost fully
amorphous PLA composites rapidly reaches the 27-30% level by the 4th
day of composting and further continues to rise. The PLA/APP and PLA/
MC-APP samples reached 60% crystallinity by the 18T day, while the
other samples (PLA-SE, PLA/MPP) reached the maximum crystallinity
value at approximately 50%. This sharp increase in crystalline fraction
results from the selective degradation of the amorphous regions, which
are more accessible to hydrolytic and microbial attack [52]. As these
amorphous regions are the first to degrade, the relative proportion of
more resistant crystalline regions increases [53]. The subsequent decline
in measured crystallinity after about 18 days reflects the onset of
structural breakdown within the crystalline domains themselves and the
progression toward mineralization.

A noticeable decline in crystallinity after the 7t day, as determined
from the second DSC heating cycle (Fig. 11b), suggests that the bio-
fragmentation process progressively penetrates the crystalline domains
as well. In this stage, the degradation no longer affects only the more
accessible amorphous regions but also disrupts the intermolecular in-
teractions within the crystalline lattice. This structural “erosion” of the
crystalline phase becomes evident only upon the second heating cycle,
where the reduced capacity for recrystallization reflects the ongoing
chain scission and molecular weight decrease. These findings are in good
agreement with the TGA results, which show a concomitant reduction in
thermal stability starting from day 7. Based on the crystalline fractions
determined from the second heating cycle, a nucleating effect of MPP
particles can be assumed. In summary, the DSC results indicate that the
polyphosphate-type flame retardants used do not significantly affect the
structural changes of PLA during composting.

3.3.6. FTIR spectroscopy of the composted FR-PLA samples

The characteristic degradation stages — namely, hydrolytic frag-
mentation, microbial scission, and eventual mineralization — are iden-
tifiable in the FR-containing PLA composites through distinct changes
observed in the ATR-FTIR spectra (Supplementary Figs. S1-6) collected
from the composite surfaces. The timing and progression of these stages
only slightly varied depending on the sample composition.

Nevertheless, because ATR-FTIR primarily probes surface chemistry,
the bulk composition of the composites, particularly in the presence of
FR additives, was further investigated using transmission-mode FTIR
(TR-FTIR) with KBr pellets. Fig. 12 shows the changes in the fingerprint
region (1600-400 cm™) of the TR-FTIR spectra of FR-containing PLA
composites over the course of the first 14 days of composting. The
broader absorption bands (e.g., the pronounced broadening of the C-O
stretching band around 1000-1200 cm™!) observed in the TR-FTIR
spectra likely result from particle size effects and enhanced light scat-
tering within the KBr pellet. Analysing the spectra, it was found that the
intensity of the vibrational bands corresponding to the polyphosphate
flame retardants, such as the P-O-P bending vibration at 802 cm™ and
780 cm™! in APP and MPP respectively, and the symmetric deformation
vibration of P=0 in PO} at around 480 cm™! [54,55], gradually decrease
over time and even disappear by the 14% day of composting. It was
therefore concluded that the flame retardants themselves undergo hy-
drolysis and degradation under composting conditions. This conclusion
is consistent with the assumption drawn from the evolution of TGA
residues (Fig. 9b).

3.3.7. Ecotoxicity assessment of the additives in the compost media

Fig. 13 presents the effect of FR additives at different concentrations
on the root elongation of Sinapis alba plant seedlings in the different
compost media, comparing freshly incorporated additives (Fig. 13a)
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Fig. 12. TR-FTIR spectra of FR-containing PLA composites over the course of the first 14 days of composting. PLA/APP, PLA/MC-APP, and PLA/MPP.
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Fig. 13. Root elongation of S. alba in compost medium: (a) with freshly incorporated FR additives, and (b) with FR additives matured for two weeks.

with those matured for two weeks (Fig. 13 b). In the non-treated control
compost, root growth was moderate before further maturation (around
4-5 mm), but increased to approximately 20 mm after the two-week
ageing period. This indicates that the compost medium becomes more
supportive for plant growth over time, likely due to the breakdown of
phytotoxic compounds and improved nutrient availability during
maturation. After maturation, almost all treatments demonstrated
noticeable improvement in root growth, except MPP at the higher con-
centrations of 15,000 and 30,000 ppm, compared with the corre-
sponding fresh samples.

Before maturation, root length decreased progressively with
increasing concentrations of both APP and MC-APP. At 3,000 ppm, APP
was comparable to the control, while MC-APP showed slightly stronger
(22%) inhibition, indicating minimal phytotoxicity at this level. How-
ever, at the highest concentrations (30,000 ppm), root development was
strongly inhibited (~75-85% reduction vs. control), with both APP- and

10

MC-APP-treated seedlings showing very short roots. This pattern dem-
onstrates a clear dose-dependent phytotoxic effect of both APP and MC-
APP, with the two additives exerting broadly comparable inhibitory
effects at the same nominal concentration, likely arising from high ionic
strength or osmotic stress induced by polyphosphate salts [56,57]. Thus,
the chemical modification of APP into MC-APP did not lead to a
consistent increase or decrease in phytotoxicity under the tested
conditions.

In contrast, MPP-treated seedlings showed a different response when
freshly incorporated into the compost. At lower concentrations (3,000
and 7,500 ppm), root growth was comparable to or exceeded that of the
untreated control. Even at higher concentrations (15,000-30,000 ppm),
root growth remained ~2-3 times longer than in equivalent APP or MC-
APP treatments, indicating substantially lower phytotoxic effect. This
pattern likely reflects the lower solubility of MPP, which limits its
availability in the growth medium and reduces stress on the seedlings,



K.E. Decsov et al.

while slowly released phosphate species may provide a gradual nutrient
benefit. This is supported by the maturation results: these advantages
largely disappeared, and at concentrations above 7,500 ppm, MPP
showed more severe inhibition than APP or MC-APP.

The ECyo and ECsg values determined for the three tested FR addi-
tives in both freshly incorporated and matured form are summarised in

Table 3. As shown, the ECyg and ECs( values for APP and MC-APP
approximately doubled after prolonged residence time in the compost
matrix. This means that higher concentrations were required to induce
the same level of inhibition in S. alba root growth, indicating a reduction
in ecotoxicological impact with ageing. This can be attributed to the
progressive compost stabilization during maturation, where humifica-
tion, hydrolysis, microbial activity, and physicochemical trans-
formations decrease additive bioavailability. Mature organic matter
better binds toxic constituents, while labile compounds degrade or
dissipate. To our knowledge, this is the first report of polyphosphate
FR’s ecotoxicity in compost media; prior studies examined these com-
pounds only in aqueous solution and focused on single formulations
[58-60].

In contrast, an opposite effect was observed for MPP. In fresh
compost, MPP exhibited a stimulatory (nutrient-like) effect on the root
growth even at the highest tested concentration (30,000 ppm). How-
ever, in mature compost, a low-effect concentration (ECy) of 5,500 ppm
was determined, indicating the onset of phytotoxicity. This aligns with
MPP's low water solubility: limited dissolution restricts fresh bioavail-
ability, but composting conditions promote hydrolytic degradation,
releasing more soluble products that become inhibitory.

Overall, the results of the ecotoxicity tests highlight that both the
chemical composition and solubility of the used P-N flame retardant
additives play crucial roles in their phytotoxicity, with potential impli-
cations for their safe application in industrial composting. Mature ECyq
values of the investigated FR additives determined in mature compost
are close to or higher than the concentration (3,000 ppm) of flame re-
tardants present in the composting experiment with flame-retarded PLA
composites. This indicates that the levels applied during composting
were below the threshold required to induce a 20% inhibition of S. alba
root growth. Thus, only limited inhibitory effects on compost biota and
quality can be expected, particularly in mature compost.

4. Conclusions

Under simulated industrial composting conditions, the degradation
of both additive-free and flame-retarded PLA composites was effectively
monitored using GPC, TGA, DSC, and FTIR spectroscopic methods;
furthermore, the effect of the additives on the compost was assessed
through plant growth inhibition tests.

The results indicate that PLA composites modified with commonly
used P-N flame retardants such as APP, MC-APP, and MPP can be
considered compostable under industrial aerobic composting condi-
tions. Depending on their composition, only minor differences were
observed in the physical disintegration time (25-28 days) of the
analyzed composites.

However, the presence of polyphosphate-type flame retardants
influenced the degradation behaviour of PLA, particularly affecting the
onset and duration of the decomposition phases. GPC analyses revealed
that the presence of MC-APP and MPP particles slightly increased the
susceptibility of PLA to hydrolytic and microbial attack, while APP did
not markedly accelerate early-stage degradation. Residual mass analysis
and the time-related progression of FTIR spectra indicated that the
applied polyphosphate-type flame retardants degraded and possibly
leached out during the early stages of the composting process.

The ecotoxicity assessment of the compost media, based on S. alba
root elongation, indicated that the phytotoxic effects of the tested P-N
flame retardants are influenced by both their chemical composition and
water solubility. As the ECyq values determined in mature compost were
at or above the applied concentration (3,000 ppm) used in the PLA
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Table 3
ECyo and ECsq values of the fresh and mature additive containing compost
materials.

APP MC-APP MPP
ECyo fresh 3643 + 369 2095 £ 588 -*
ECs fresh 7879 + 448 7953 + 1026 -*
ECyp mature 2151 £ 757 3838 + 1411 5504 + 465
ECs¢ mature 9412 + 1469 13674 + 2612 9979 + 494

" MPP exhibited not an inhibitory, but a stimulatory effect in the tested range

composting experiment, the matured compost media are expected to
exhibit at most limited to moderate ecotoxic effects under the investi-
gated industrial composting conditions.

Overall, the phosphorus- and nitrogen-containing flame retardants
examined in this study provided both effective fire safety performance
and sustainable degradability to PLA composites. Their incorporation
enables the development of fire-safe, PLA-based biocomposite systems
that are fully compatible with the principles of the circular economy.
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