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Pharmaceutical studies have reported for many years that plants
containing antioxidants have many health-promoting properties, mainly
due to organic compounds capable of scavenging free radicals. In this
work, the activity of two representative plant families was tested: Elettaria
cardamomum L. (EC) and Myristica fragrans Houtt. (MF). Results indicate
that the antioxidants contained in them decompose into gaseous products
at temperatures up to about 640 K. The introduction of EC and MF to the
biopolymer matrix resulted in a decrease in the thermal stability of the
obtained composites. The resulting char residues acted as a local thermal
insulator, which led to reduced flammability of poly(lactic acid) (PLA)
composites. As a result, the use of 10 wt% EC and 7.5 wt% MF reduced
flammability by 37% and 29%, respectively.
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INTRODUCTION

In the search for effective biological flame retardants, the keyword becomes

“antioxidants.” As a rule, these are plant-derived products consisting of substances that
show the ability to inhibit the mechanism of further oxidation of highly reactive organic
compounds formed by the decomposition of macromolecules (Grant and Chapple 2009;
Nie et al. 2018; Renard 2019; Amarowicz and Pegg 2020). Antioxidants can be divided
into primary and secondary antioxidants. Primary antioxidants, which are designed to
eliminate free radicals, include hindered phenols and polyphenols or aromatic amines (Sun
et al. 2024). Secondary antioxidants include phosphine esters and sulfur compounds which
break down hydrogen peroxides (Hamid et al. 2012). There are 5 mechanisms of action of
antioxidants (Diplock 1994):
reducing local oxygen concentration
removal of initiating radicals
binding of metal ions from catalysts
e decomposition of peroxides
interrupting the process of hydrogen stripping by active radicals.
In systems without minerals and metal ions, the mechanism of action is to prevent the
proliferation of secondary radicals in chain reactions, such as fat peroxidation, initiated and
driven by primary radicals. Compounds contributing so such effects include vitamins C
and E and carotenoids.

Majka (2025). “Myristica seeds & PLA flammability,” BioResources 20(1), 1655-1675. 1655


https://orcid.org/0000-0002-7913-0750

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

However, it turns out that there is no need for expensive artificial synthesis of
antioxidants in the chemical industry, as nature provides products that can be used
successfully as natural flame retardant hybrids. Plant exogenous antioxidants contain four
groups of compounds: carotenoids (xanthophylls and carotenes), polyphenols (phenolic
acids, flavonoids, anthocyanins, lignans, and stilbenes), tocopherols, and vitamins (vitamin
E and C) (Xu et al. 2017; Chaidech and Matan 2023).

The most well-known group of antioxidants of natural origin are Natural Phenolic
Compounds (NPCs). This group primarily includes lignins and tannins (Sen et al. 2015;
Xia et al. 2018; Meng et al. 2024). Liu et al. (2025) reported that the use of lignin
derivatives in poly(vinyl alcohol) composites reduced the maximum Peak in Heat Release
Rate (PHRR) index by 39%, the Total Smoke Production (TSP) by 40%, and the Limiting
Oxygen Index (LOI) increased by 69% compared to the reference sample. In turn, Prof.
Tian’s group used lignin and expandable graphite as a carbon source for the cross-linked
structure of polyurethane foam coated with ammonium polyphosphate. Such a hybrid
P/C/O system contributed to reducing PHRR by 70% and TSP by 59% (Tian et al. 2024).
A method for obtaining a flame-retardant material containing purified lignin nanoparticles
was also developed. The sequential chemical modification of nitrogen and phosphorus
using polyethyleneimine (PEI) and phytic acid (PA) resulted in an increase in the char
residue by >10 % compared to unmodified lignin nanoparticles (Won et al. 2024). Also,
Costes et al. (2016) found that P-N chemically treated lignin reduced the thermal
degradation of PLA during both melt processing and TGA experiments and significantly
improved the flame retardancy properties, enabling it to achieve a VO classification in the
UL-94 test. Finally, Majka (2023b) proposed a two-step method for the synthesis of
lignosulfonamides by modifying calcium lignosulfonate to lignosulfonyl chloride and then
reacting it with a secondary amine. The lignosulfonamides obtained were subsequently
tested for thermal stability and flammability. As a result of proposing four different
synthesis routes for lignosulfonyl chloride in the first step and three types of amines used
(dibutylamine, N-butyl-N-dodecylamine and didodecylamine) in the second step, only
lignosulfonamides obtained using PCls (route B) had negligible flammability and better
thermal stability. Jiang et al. (2024) also indicated that the deposition of keratin and
oxidized tannin on PA66 fabric resulted in the reduction of PHRR and TSP of the fabric
by 57% and 52%, respectively, while generating nearly 22% of carbon residue at 800 °C.
Similarly, functionalization of graphene nanoparticles with Acacia mangium tannin
resulted not only in a 30% increase in the mechanical strength of the eco-friendly phenolic
resin but also in a reduction of the PHRR to the level of 6.9 W/g (Li et al. 2023). The use
of an easy adsorption technique of condensed tannin extracted from Dioscorea cirrhosa
tuber carried out under weak acidic conditions was able to impart good and durable flame
retardancy to silk fabric. The tannin-modified fabric showed an LOI above 27%.
Thermogravimetric analyses suggested that a significant condensed phase mechanism
contributed to the improvement of flame retardancy of silk fabric (Yang et al. 2018). Majka
et al. (2024b) also studied the effect of calcium lignosulfonate (CLS) and tannic acid (TA)
on the flammability and thermal properties of PLA composites. As a result of these studies,
it turned out that both CLS and TA added directly to polyester are able to reduce the
flammability of PLA by more than 30%, maintaining a similar burning time as the pure
matrix.

An example of a plant that contains a high number of antioxidants is Elettaria
cardamomum L. (EC, cardamom). EC is available as dried fruit (capsules), powder (dry
seeds), or essential oil (Saloko et al. 2014). The essential oil is obtained from the distillation

Majka (2025). “Myristica seeds & PLA flammability,” BioResources 20(1), 1655-1675. 1656



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

of the seeds and produces by-products called biomass and shells. Cardamom seeds contain
about 30 wt% fiber, while cardamom fruit and rhizome contain mainly starch. Fresh
cardamom fruit also contains essential oils, pigments, proteins, cellulose, sugars, silica,
potassium oxalate, and minerals (Morsy 2015). GC-MS analysis of the extracted essential
oil from fresh EC seeds grown in India showed that about 30 different compounds were
present (Alam et al. 2019). The main constituents were a-terpinyl acetate and 1,8-cineol,
as well as compounds present in amounts of less than 10%, including linalool, a-terpineol,
and linalyl acetate (Jena et al. 2021; Moulai-Hacene et al. 2020). Another study even
showed the presence of more than 70 different compounds (Singh et al. 2008), with the
essential oil extraction from fresh EC fruits yielding more than 70% of 1,8-cineole. During
thermo-oxidative decomposition at 573 K, the a-terpinyl acetate present in the EC
decomposed with the elimination of acetic acid. Further, a reaction takes place to form
limonene, in which hydrogen is removed from the isopropyl group. After hydrogen
detaches from the neighbouring tertiary carbon atom, terpinolene is formed. It should be
noted that hydrogen transfer can occur during the elimination reaction, so substituted
cyclohexadiene molecules can also be formed, resulting in the increased formation of y-
terpinene and a-terpinene. Decomposition of linalyl acetate and linalool occurs through the
elimination of acetic acid and water, respectively, to form B-myrcene, trans-p- and cis-p-
ocimen (Jakab et al. 2018). The seeds of cardamom can be also converted by pyrolysis into
liquid smoke and solid biochar (Yaman 2004; Xin et al. 2021). Liquid smoke produced up
to 623 K has antioxidant properties because it is composed of compounds derived from
cellulose, hemicellulose, and lignin, such as acetic acid, carbonyl-containing compounds,
furans and furfurals, and phenolic compounds (Mansur et al. 2023; Montazeri et al. 2013).

The second representative of a plant product that is a carrier of antioxidants is
Myristica fragrans Houtt. (MF, nutmeg). The primary ingredient of MF is muscat balm fat,
which consists of myristic acid triglyceride (Cztonka et al. 2020). The second basic
component is an essential oil, which includes a-pinene, camphene, p-cymene, limonene,
linalool, geraniol, and borneol. The rest of MF consists of starch, carbohydrates, saponins,
and lipases (Muchtaridi et al. 2010; ElI-Alfy et al. 2019). GC-MS analysis of the MF
acetone extract led to the identification of 32 different compounds accounting for more
than 99% of the total extract. Sabinene, B-pinene, a-pinene were found to be the main
components of MF. Other important compounds identified were terpinen-4-ol, myristicin,
limonene, y-terpinene, isoeugenol, elemycin, p-cymene, terpinolene, and linalool (Gupta
et al. 2013). The thermal decomposition process of MF essential oil occurs in three steps.
The initial degradation starts with the loss of moisture content at around 373 K. The second
thermal degradation begins at 440 K and shows a maximum degradation rate at 503 K,
which could be due to the volatilization of constituents of the MF oil. Above 523 K, all MF
essential oil should be completely decomposed into volatile degradation products (Amina
et al. 2021). TGA analysis of granulated and powdered nutmeg seeds revealed 3 stages of
decomposition: the drying stage, the gasification stage, and the char formation stage. The
drying stage (298 to 393 K) is associated with the release of moisture. Phase 2 (393-783
K) sees the greatest weight loss as cellulose and hemicellulose decompose into gaseous
products. In the third stage (783-1173 K), lignin, which is responsible for the formation of
char, is decomposed (Ashwini et al. 2024).

Even though both EC and MF are prized spices with a distinctive, intense aroma,
as well as possessing antibacterial, anti-inflammatory, and digestion-enhancing properties,
there are more differences between them than similarities. What both spice sources have
in common is the content of essential oils, which have proven pharmacological and
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aromatic effects. There are also at least 5 active terpenes in both EC and MF: limonene, o-
pinene, camphene, geraniol, and sabinene. EC, on the one hand, is a perennial, while MF
comes from a tree. EC mainly contains 1,8-cyneol, and a-terpineol, while MF has a high
content of myristicin, which can be toxic in large quantities.

So far, the author’s search for a natural flame retardant for bio-polyesters includes
3 groups of compounds: pyrolysis-recovered flame retardants (Majka et al. 2016, 2019;
Majka 2023a,b), mineral-derived flame retardants (Majka et al. 2018, 2020; Majka 2024a)
and natural fiber-derived flame retardants (Majka et al. 2024a). It turned out that of all the
additives tested, the most effective were compounds of plant origin, making it possible to
achieve up to 30% reduction in PLA flammability (Majka et al. 2024b). However, that
level of achieved result is still too low to compete with commercial phosphorus flame
retardants. Therefore, in this study it was decided to check the effect of powdered seeds of
Elettaria cardamomum L. and Myristica fragrans Houtt. on the flammability of
polylactide. These seeds were chosen due to their different composition, especially of
polyphenols, terpenes, fats, as well as lignin. It was expected that it was the amount of
lignin that would play a special role in the mechanism of reducing the flammability of
polylactide at temperatures above 623 K. This is of great importance because the total
global production of cardamom is estimated at 55,000 to 60,000 tons per year, while the
global production of nutmeg is about 100,000 to 120,000 tons per year (“Nutmeg, mace
and cardamons (HS: 0908) Product Trade, Exporters and Importers | The Observatory of
Economic Complexity” n.d.).

EXPERIMENTAL

Materials

Poly(lactic acid) (PLA, CAS No. 26100-51-6, Mw = 116000 Da, PDI = 1.83 (Majka
et al. 2024b)) dedicated for injection molding, with the trade name Ingeo™ Biopolymer
3052D was purchased from NatureWorks (Blair, USA). Elettaria cardamomum L. (EC,
CAS No. 8000-66-6) fruit powder was purchased from BOS Natural Flavors (P) Ltd.
(Kerala, India). Myristica fragrans Houtt. (MF, CAS No. 84082-68-8) seed powder was
also provided by BOS Natural Flavors (P) Ltd. (Kerala, India).

Methods

The morphology and structure of the obtained composites and raw materials were
examined by Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron
Microscopy (SEM). A Perkin Elmer Spectrum 65 spectrometer (Perkin Elmer, Krakow,
Poland) equipped with an ATR attachment and a diamond/ZnSe crystal was used for the
FTIR analysis. The tests were performed within the spectral range of 4000 to 500 cm™* with
16 scans.

A JEOL JSM-6010LA analytical scanning electron microscope (JEOL Ltd., Tokyo,
Japan) was used to check the distribution of additive particles in the biopolymer matrix.
Microphotographs were taken at an accelerating voltage of 10 kV and a working distance
of 10 mm. Before examination, each sample was sputtered with a 4 nm thick layer of gold.

The obtained PLA biocomposites and raw materials were tested for thermo-
oxidative degradation (TGA) using a NETZSCH TG 209F1 Libra (Netzsch, Krakow,
Poland) apparatus. The test was carried out in an oxidizing atmosphere (air flow 15
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cm®/min) under the following conditions: temperature range from 298 K to 873 K; heating
rate 10 K-min™.

Differential scanning calorimetry (DSC) were carried out using a Mettler Toledo
DSC823e (Mettler Toledo, Warsaw, Poland) apparatus. The measurement was carried out
in an inert atmosphere according to the following temperature programs:

- heating 298 — 443 K at a rate of 10 K-min?,

- cooling 443 — 298 K at a rate of 10 K-min™,

- heating 298 — 443 K at a rate of 10 K-min™,

Pyrolysis-combustion flow calorimetry (PCFC) was carried out using a Fire Testing
Technology (FTT, East Grinstead, UK) apparatus. Composite tests were conducted in the
temperature range of 423 to 1023 K at a heating rate of 1 K-s.

Sample Preparation

The purpose of the work was to test the effect of antioxidants contained in
unmodified seeds of known spices on the flammability of the polylactide matrix. For this
purpose, the powdered EC and MF seeds were pre-dried at 353 K for 48 h (OV-11 vacuum
oven, Jeio Tech Co., Chalgrove, UK) to achieve a water content of less than 0.05 %. The
preparation process (Fig. 1) used a processing line consisting of a Brabender DR20 feeder
(RHL-Service, Poznan, Poland), a Haake Rheomex OS PTW 16/25 twin-screw extruder
(RHL-Service, Poznan, Poland), a Zamak W1500 cooling bath (Zamak Mercator, Skawina,
Poland), and a Zamak G-16/325 granulator (Zamak Mercator, Skawina, Poland).
Processing conditions are shown in Table 1.

PLA/MF EXTRUSION EXTRUSION PLA/EC
COMPOSITE COMPOSITE

Fig. 1. Diagram showing the pathway for obtaining polylactide composites with EC and MF

Using this co-rotating extruder, PLA/EC, and PLA/MF composites containing a
total of 1.0, 2.5, 5.0, 7.5, and 10.0 wt% of filler were obtained.

Table 1. High-Temperature Extrusion Conditions for PLA Composites

Extrusion
Heating zones
1 2 3 4 5 6 Die
I EREE (9 473 | 473 | 478 | 478 | 483 | 483 483
Degassing - - - - Yes -
Screws speed (min™?) 150
Feed capacity (%) 5
Cooling bath
Temperature (K) | 293
Compression press
Temperature of stamps (K) 483
Pressure (MPa) 24
Pressing time (s) 420
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RESULTS AND DISCUSSION

Morphology and Structure of the Obtained Composites

Figure 2 shows the FTIR spectra of the raw materials EC and MF. Although the
introduction indicated certain similarities in the structure of both compounds, the
superposition of the FTIR spectra allowed for the assessment of their common features. In
both cases, the visible peak for the absorption band at 3300 cm™ confirmed the presence of
OH groups, for example, in a-terpineol or geraniol.

The FTIR spectrum of EC with bands in the region between 900 and 716 cm™ was
associated with the presence of C=C and =CH of aromatic rings and CH out-of-plane
vibrations from the a-terpinyl derivatives (Dehghani et al. 2020; Karimi et al. 2020). In
addition, the vibrational interactions of the OH group (1078 cm) and the C-C bond (1177
cmt) were also present in EC, respectively (Cebi et al. 2021; Truzzi et al. 2021). In turn,
elongation interactions of carboxylic acid, carbonyl ester, and carbonyl groups were
observed at the absorbance bands of 1250, 1735, 2948, and 2910 cm™ (Ni et al. 2020;
Salvia-Trujillo et al. 2015).

The FTIR spectrum of MF with bands at 1633, 1512, 1470, 1177, 1114, and 997
cm? confirmed the presence of myristin in its composition (Dupuy et al. 2013).
Characteristic peaks located at 2910 cm™ (vibration OH group) and 2848 cm (vibration -
CH: group) correspond to the presence of cellulose, hemicellulose, and lignin. The band
located at 1735 cm™ corresponds to the carbonyl vibration (C=0) from a-terpinyl. The
peak centered at 1633 cm™ indicated the presence of an aromatic ring. The phenol-
characteristic bands were found at 1177 to 1114 cm™ (C—OH tensile vibration) (Cztonka
et al. 2020).
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Fig. 2. FTIR spectra of EC and MF raw materials
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Selected PLA composites containing 10 wt% biofiller obtained by high-
temperature extrusion were also subjected to FTIR analysis (Fig. 3). In both cases, the
absorbance bands at wave number 1742 cm™ were due to stretching vibrations of the
carbonyl group. In the vicinity of 2938 cm™ range, stretching vibrations corresponding to
the CHaz group were also visible. The peaks at 1448, 1360, and 1179 cm™* were assigned to
the -CH- deformation, which included symmetric and asymmetric bending. In the range of
wave numbers 1081 to 1040 cm™, absorbance bands characteristic of C-O and C-C bonds
were assigned. Moreover, in the PLA/MF10.0 sample, a broad absorbance band with a
maximum of 3345 cm™ was observed, suggesting the presence of OH groups. According
to the literature, PLA is characterized by the presence of the following absorbance bands:
1757 cm™ - CO bond stretching, 2996 cm™ and 2945 cm™ bands -CH stretching of -CHs,
1187 cm™ band - C-O ester stretching (Hoidy et al. 2010; Singla et al. 2012).
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Fig. 3. FTIR spectra of PLA/EC and PLA/MF composites

The remaining overlapping bands could have originated from organic compounds
in the fillers. Most of the peaks from PLA overlapped in this wavenumber range with
signals from biofillers with a small difference in the range above 3000 cm™, which made
it impossible to distinguish these compounds using the FTIR method. Therefore, to confirm
the presence of EC and MF in the composite samples, SEM analysis of the cross-sections
of the obtained extrudates was performed. Figure 4 shows SEM micrographs of samples
A) PLA/EC10.0 and B) PLA/MF10.0 taken at 1000x magnification.

Analysis of the fracture micrographs of both extrudates revealed a very important
difference in the behavior of the biofillers. Namely, the MF particles (Fig. 4B) were
completely wetted by the polylactide matrix, while the EC particles remained untouched
by it, with a preserved interface. This may mean that MF was a more compatible filler for
PLA than EC.
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Fig. 4. SEM photos of PLA/EC and PLA/MF composites
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In addition, MF was distributed unevenly over the entire surface of the sample,
which also suggests a tendency for MF to form agglomerates with a diameter ranging from
3.33 um to 6.66 pm. In addition, during the analysis of the PLA/MF composite, cracks in
the structure were observed. The length of the observed cracks was not uniform; there were
smaller cracks around 13 pum and larger ones around 63 pm. The width of the observed
cracks ranged from 0.77 to 3.08 um. From the conducted study, it can be concluded that
the stabilization effect using MF occurred only locally, and not, as expected, throughout
the entire mass of the sample. In addition, studies at higher magnification confirmed the
limited thermal stability of the sample. The observed microcracks on the surface of the
composite material during its slight heating could contribute to obtaining worse mechanical
properties of samples exposed to elevated temperatures.

SEM analysis of PLA/EC composites revealed a more irregular sample surface than
PLA/MF. The presented micrograph (Fig. 4A) indicated the presence of EC agglomerates
with sizes close to 10 um. The presence of EC particles not wetted by the matrix distributed
in small areas, which coexisted in the vicinity of micro craters, also affected the surface
porosity.

Thermogravimetry analysis (TGA)

Figure 5 shows a plot of the temperature dependence of sample weight change for
composites containing EC (A) and MF (B). In addition, to accurately compare the thermal
properties of the obtained biomaterials, the corresponding thermogravimetric indices are
collected in Table 2. DTG analysis shows that EC decomposed in three stages. The first
stage of decomposition was associated with the release of mainly moisture (up to about
410 K). As the temperature increased further, the release of compounds such as 1,8-cineol
(about 450 K) and a-terpinyl acetate (about 493 K) occurred, as well as the formation of
liquid smoke due to the decomposition of cellulose and hemicellulose. The release of a
large amount of volatile degradation products (Ts» mass loss point) only promoted the
temporary stabilization of mass loss (T1o0%-T20%) associated with acetic acid formation. As
a result, the resulting acetic acid and its derivatives decomposed rapidly at temperatures
above 600 K, resulting in a mass loss of more than 50%. In the last step (640 to 760 K)
there was decomposition of lignin reaching nearly 10% residue. In contrast, MF
decomposed in four stages, with the first stage of decomposition also associated with the
release of moisture and ending just before 400 K. The next phase of decomposition
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involved overlapping two mechanisms: the volatilization of essential oil components (404
- 490 K) and the subsequent decomposition of cellulose and hemicellulose into gaseous
products (490 to 660 K). The final step also involved the decomposition of lignin (660 to
780 K) to a solid residue of nearly 3%.
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Fig. 5. TGA curves for PLA composites including: A) EC; B) MF

Pure PLA had the highest thermal stability over the entire measurement range of
all biomaterials analyzed. PLA decomposed completely to gaseous products, with the first
phase of decomposition being the main decomposition stage, in which the biopolymer lost
nearly 98% of its mass (up to about 680 K). In contrast, the second step involved the final
post-combustion of the residue in the range of 735 to 755 K. Comparing the effects of
additives on the thermo-oxidative stability of PLA (Fig. 5), it is worth noting that the degree
of filling of the biomatrix with EC played a much greater role than the degree of filling
with MF. As the EC content of the PLA/EC composite increased, there was a gradual
decrease in thermal stability. While the addition of 2.5, 5.0 and 7.5 wt%. EC practically
did not change the thermal characteristics of the composite. What changed was mainly the
mass of the residue at 873 K, which was related to the different degrees of homogeneity of
EC in PLA. This bio-filler showed a strong tendency to clump during high-temperature
processing (especially at higher additive concentrations), which was a major drawback that
later disrupted the thermo-oxidative degradation mechanism. Therefore, for the three
composites PLA/EC2.5, PLA/EC5.0, and PLA/EC7.5, a very similar result was obtained.

Analysis of the TGA curves of the PLA/MF composites revealed that all the
composite samples had even more similar thermal properties. The TGA curves of PLA/MF
composites practically overlapped regardless of the amount of powder additive used.
Again, there was a problem with the cohesive bonding of MF particles into larger
fragments, which increased as the proportion of the additive in the biomatrix increased. As
a result, different levels of residues after decomposition at 873 K were also obtained in
PLA/MF composites.
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Table 2. Summarized TGA Indices Determined for PLA/EC and PLA/MF
Composites and Powder Additives

Sample Ts0 (K) | T10% (K) | T20% (K) | Tsoe (K) | Tmax (K) Residue at 873 K (%)
EC 369 499 539 584 561 9.34
MF 404 460 523 589 584 3.17
PLA 588 605 617 633 637 0.00

PLA/EC1.0 578 590 603 622 629 0.01
PLA/EC2.5 563 577 591 614 624 0.67
PLA/EC5.0 563 576 589 612 623 0.50
PLA/EC7.5 568 578 590 611 620 1.45
PLA/EC10.0 | 561 571 583 604 614 0.68
PLA/MF1.0 586 601 614 631 635 0.00
PLA/MF2.5 586 599 611 628 635 0.33
PLA/MF5.0 587 598 610 627 633 2.07
PLA/MF7.5 577 591 603 621 627 1.28
PLA/MF10.0 | 584 597 608 626 630 2.89

The agglomeration of EC and MF in the plasticizing system favored obtaining non-
homogeneous biocomposites. A local increase in the proportion of EC and MF in the
continuous phase caused more char to form. It is worth noting that both PLA/EC and
PLA/MF composites decomposed in two stages. For all PLA/EC samples, the main
decomposition stage ended at 650 K + 2 K (97 wt% loss), and the second decomposition
stage was in the range of 650 to 705 K and 650 to 700 K for samples containing 1.0, 2.5,
5.0 wt% EC and 7.5 and 10.0 wt% EC, respectively. A slightly different behavior was
observed for PLA/MF samples. As the MF content in PLA increased, the Tendset of the main
decomposition step shifted towards lower temperature values (by 5 K for each mass share).
This means that the degradation rate of PLA/MF composites depended on the MF content
in PLA. Deeper analysis showed that the MF share also affected the shift of the second
stage of decomposition toward lower temperatures. The higher the MF share, the greater
the shift of the second stage of decomposition.

The inhomogeneous distribution of the bio-filler in the biomatrix caused more
volatile compounds to volatilize in some parts of the composite due to the temperature
increase than in other parts, causing the local formation of bubbles encapsulated in the
polymer melt. The volatilized decomposition products of cellulose, hemicellulose,
essential oils, and their derivatives contributed to the acceleration of the weakening of
bonds in the biopolymer chain, consequently leading to their faster breakage. As has been
demonstrated, as the amount of bio-filler increased, char formation took place at lower and
lower temperatures. Consequently, more char was generated by composites containing MF
than EC.

Differential Scanning Calorimetry (DSC)
Figure 6 shows the DSC curves: (A) for PLA/EC composites and (B) for PLA/MF
composites. Detailed analysis of the DSC results made it possible to list the corresponding
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indices, which are collected in Table 3, where the degree of crystallinity was calculated
using Eq. 1 (Majka 2024b),
__ AHp,—AHcc

Xc = (1-w)-AHO (1)

where AHm is the melting enthalpy of the PLA, AHcc is the enthalpy of cold crystallization,
and AHC is the melting enthalpy of a completely crystalline PLA, which is equal to 93 J/g
(Majka et al. 2019). The parameter w is the filler content

During the analysis of the composite systems in the temperature range (300 to 450
K), the following phase transformations were recorded: glass transition, cold
crystallization, and melting. Referring to the reference sample (PLA), it was found that
regardless of the type of bio-filler introduced and its amount, the glass transition
temperature of the composites did not change (£2 K). This means that both EC and MF did
not affect the rate of this transformation.

Despite this, calculated according to Eq. 1, the total degree of crystallinity of
polylactide composites depended on the amount of filling introduced. As the EC content
increased, the Xc value gradually increased, reaching 0.78 for a 10 wt% fill. The
introduction of 1 to 5 wt% MF virtually did not affect the Xc value of PLA/MF composites
(0.85). The so-called collapse was observed only at a filling of 7.5 wt%. MF. The presence
of bio-fillers in a biopolymer can have two effects: on the one hand, it affects the content
of the crystalline phase to in the mass of the biopolymer, and on the other hand, it regulates
the formation of the crystalline phase (Majka et al. 2024b). In the case considered, the
maximum Xc values read for PLA/EC and PLA/MF composites were still lower than for
pure PLA. This suggests that both MF and EC acted as a plasticizer, hindering the
formation of the crystalline phase. It was noted that only the PLA/MF10.0 sample showed
a lower ACp value. These observations suggest that only the addition of 10 wt% MF
facilitated the transition from the glassy state to the plastic state, since much less heat
needed to be supplied to the system to reach the transition point between the two states.

A B
057 - PLA 057 - PLA

] -=- PLA/ECLO ] ~=- PLA/MFL0

0 —— PLA/EC2.5 0] —— PLA/MF2.5

] & PLAEC5.0 ] s~ PLA/MF5.0

05 -s- PLAEC75 051 -»~ PLA/MF7.5

= PLA/MF10.0
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35— 35—
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Fig. 6. DSC curves for PLA composites including: A) EC; B) MF

In all cases, there was a cold crystallization effect, which the author described in
more detail in the following references (Majka et al. 2016; Majka 2023). Also, all samples
showed a shifted Tcc point toward higher temperatures, except PLA/MF10.0. In general,
EC had virtually no effect on the temperature of the cold crystallization peak, while as the
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MF content increased in the range of 5 to 10 wt. %, the Tcc peak shifted toward lower
temperatures.

All samples, except PLA/MF10.0, were characterized by a single melting peak.
This means that a high MF content led to the formation of two PLA phases: a dominant a
phase (427 K) and an o' phase (424 K) with a lower proportion. On the other hand,
significant changes were observed in the enthalpy of melting values. Low values of Hm for
PLA/EC composites mean that the samples melted more easily than pure PLA. Conversely,
in order to melt PLA/MF5.0, PLA/MF7.5, and PLA/MF10.0 composites, more energy had
to be supplied than was required to melt the reference sample. Referring to the TGA results,
it should be pointed out that at the Tm (428 K) point where the composites were in the
molten state, only 1% weight loss was achieved.

Table 3. DSC Indicators for PLA/EC and PLA/MF Composites

Sample | Tg (K) |ACp (3/gK) | Tee (K) | AHce (3/9) | Tm1 (K) | Tm2 (K) | AHm (3/9) Xe
PLA 332 0.51 391 16.59 --- 428 17.48 0.96
PLA/EC1.0 | 332 0.49 398 15.57 --- 427 15.75 0.22
PLA/EC2.5 | 332 0.47 400 8.20 --- 427 8.55 0.39
PLA/EC5.0 | 332 0.48 400 9.73 --- 427 10.17 0.50
PLA/EC7.5 | 332 0.48 400 10.57 --- 427 11.17 0.70
PLA/EC10.0| 332 0.47 396 11.83 --- 427 12.55 0.78
PLA/MF1.0 | 331 0.47 400 10.13 - 427 10.92 0.86
PLA/MF2.5 | 331 0.46 399 12.68 - 427 13.45 0.85
PLA/MF5.0 | 330 0.47 394 21.69 - 426 22.42 0.85
PLA/MF7.5 | 330 0.45 393 20.92 --- 428 21.10 0.20
PLA/MF10.0| 330 0.33 387 19.21 424 428 19.33 0.14

Labels: melting temperature (Tm), melting enthalpy (AHm), degree of crystallinity (Xc), heat
capacity (ACp), cold crystallization temperature (Tcc), enthalpy of cold crystallization (AHcc) and
glass transition temperature (Tg)

Pyrolysis-combustion Flow Calorimetry (PCFC)

The results of the flammability tests are shown in Fig. 7. The analysis of the Heat
Released Rate (HRR) vs. Temperature curves was reinforced by comparing the
flammability indices summarized in Table 4.

Pure EC burned in three stages, reaching a peak heat release rate (PHRR) of 99 W/g
(574 K). MF burned over a minute longer than EC, reaching a peak point of 98 W/g (631
K). These bio-fillers, although they burned for a long time, showed low (for these organic
materials) heat of combustion (HOC) and total heat release rate (THR). Therefore, their
presence in the composite system was expected to contribute to the inhibition of the
biopolymer combustion process, especially at high matrix filling. As shown by the data
collected in Table 4, these predictions proved to be correct, as at PLA filling of 10 wt% EC
and 7.5% wt. MF, a 37% and 29% reduction in flammability was achieved, respectively.
The reference sample burned very quickly to gaseous products, in just 127 s, while reaching
a peak PHRR of 584 W/g (654 K). Importantly, the PLA/EC10.0 composite burned in a
slightly longer time (155 s) achieving the best result of all tested materials.
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Fig. 7. Heat Released Rate vs Temperature curves for PLA composites with A) EC and B) MF

Table 4. List of Flammability Indicators for EC, MF and PLA Composites

sample | PHRR | HRRay | HOCav | THRsoo: T TOF | combustion time
(Wig) | (Wig) | (kJ/fg) | (kIG) | (s) | (K) |(s) | (K) (s)
EC 99 | 1336 | 562 | 9.46 | 87 | 411 | 523|842 436
MF 98 | 1935 | 7.86 | 13.21 | 38 | 389 | 542 | 851 504
PLA 584 | 33.94 | 11.64 | 22.38 | 267 | 577 | 394 | 707 127
PLAEC10 | 490 | 26.61 | 952 | 1820 | 252 | 551 | 442 | 747 190
PLA[EC25 | 445 | 2837 | 10.77 | 19.43 | 220 | 529 | 392 | 706 172
PLA/EC5.0 | 440 | 26.94 | 10.17 | 1852 | 230 | 545 | 421 | 741 191
PLA/EC75 | 389 | 26.85 | 10.35 | 18.82 | 213 | 515 | 407 | 714 194
PLA/EC10.0 | 368 | 28.18 | 11.09 | 19.32 | 206 | 513 | 361 | 673 155
PLAMF1.0 | 551 | 31.61 | 11.00 | 21.52 | 266 | 560 | 417 | 717 151
PLAIMF25 | 465 | 30.20 | 10.67 | 20.06 | 233 | 553 | 411 | 737 178
PLAIMF5.0 | 446 | 30.17 | 10.83 | 20.72 | 220 | 519 | 448 | 754 228
PLAIMF7.5 | 416 | 30.72 | 10.90 | 20.23 | 174 | 501 | 405 | 737 231
PLAIMF10.0 | 416 | 29.91 | 11.17 | 20.84 | 209 | 508 | 435 | 740 226

Notes: PHRR — peak of heat released rate; HRRav — average heat released rate; HOCav —
average heat of combustion; THReoos — total heat released after 600 s; TTI — time to ignition; TOF
— time out flame

The author is researching green flame retardants of natural origin dedicated to
biopolymers, including polylactide. Table 5 summarizes the best results achieved in the
author’s previous work, where PLA/EC and PLA/MF composites were also included in the
ranking. The percentage of reduction in the PHRR index of the tested material relative to
PLA was assumed as flammability reduction. According to the literature (Schartel et al.
2016a,b), the maximum value of the HRR vs. Temperature or HRR vs. Time curve can be
considered as the comparable flammability level of a given material relative to a reference
sample. It turned out that using 10 wt%. EC made it possible to achieve the best result
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among all the indicated research works. In contrast, the use of 7.5 wt% and 10.0 wt%. MF
reached ex aequo placed 5 in this ranking.

Table 5. Ranking List of Additives Used in the Author’s Previous Works that
Resulted in the Best Reduction of PLA Flammability

Type of . Ammount of | Flammability
composite Type of additive additive reduction (%) Reference
PLA/EC Elettaria 10 wt. % 37 This study
Cardamomum L.
Calcium o (Majka et al.
PLA/ICLS lignosulfonate 9 wt. % 33 2024b)
. . (Majka et al.
PLA/TA Tannic acid 9 wt. % 30 2024D)
Tannic acid (Majka et al
PLA/BMT adsorbed on calcium 6 wt. % 30 21024b) '
lignosulfonate
PLA/MF My”St;_‘ngtrf‘gra”S 7.5 wt. % 29 This study
Pyrolyzed
montmorillonite
PLA/SF-BMIC purified with 1-butyl- 5wt. % 23 (Majka 2024b)
3-methylimidazolium
chloride
Pyrolyzed
montmorillonite
) purified with o ,
PLA/SF-BMAC methyldodecylbenzyl 5wt. % 23 (Majka 2024b)
trimethyl ammonium
chloride
Composite coated
with bilayers consists : .
15BL(PLA/NS) of chitosan and 15 bilayers 22 (Majka 2024a)
nanosilica
PLA/UD Urtica dioica fibers 15 wt. % 20 (Majka et al.
2024a)
Urtica dioica fibers .
PLA/MUD treated with a 10% 10 wt. % 20 (ngc')‘;‘;t) al
NaOH solution
Vitis vinifera fibers (Majka et al
PLA/MVV treated with a 10% 5wt. % 20 2102 42) '
NaOH solution
PLAVV Vitis vinifera fibers 5 wt. % 19 (Majka et al.
2024a)
PLA/NS Nanosilica 5wt. % 16 (Majka 2024a)
PLA/IMMT Montmorillonite 5wt. % 5 (Majka 2024b)

Figure 8 shows the temperature dependence of the decomposition reaction rates of
PLA/EC (A and C) and PLA/MF (B and D) composites, for the TGA (A and B) and PCFC
(C and D) methods, respectively. From the data presented, it can be seen that with slow
heating (TGA) of both PLA/EC and PLA/MF composites, the peak of the decomposition
reaction rate (RR) curves always occurred at lower temperatures than in the case of rapid
temperature rise (PCFC). As the amount of filler in the samples increased, the difference
in the shift between the two peaks of the RR curves determined for the same composite
gradually decreased, from 25 K for 1.0 wt% content to 7-8 K for 10.0 wt% content.
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Fig. 8. Temperature dependence of the decomposition reaction rates of PLA/EC (A and C) and
PLA/MF (B and D) composites, for the TGA (A and B) and PCFC (C and D) methods.

The reason for this is that high PLA fill using both EC and MF resulted in low
thermogravimetric indices. These composites were more susceptible to decomposition, so
the charring process started earlier. The char residues that formed acted as a local thermal
insulator, resulting in the achievement of reduced flammability. In addition, rapid heating
of the biocomposites (1 K/s), as well as increasing the proportion of fill in the sample,
influenced the acceleration of decomposition processes leading ultimately to the char
formation.

The flame retardancy mechanism is related to the transfer of free radicals on carbon
planes (Hou et al. 2024). The formed amorphous carbon (a-C) planes can also act
synergistically with other compounds, such as phosphorus compounds, to form effective
flame retardant coatings (Ma and Fang 2012). In a-C, carbon atoms occur in an ordered
manner in a short range, and the chemical bonds between atoms are a mixture of sp? and
sp? hybrid bonds. Therefore, the properties of amorphous carbon are variable depending
on its formation conditions (Kouchi 2011).

CONCLUSIONS

1. Both Elettaria cardamomum L. (EC) and Myristica fragrans Houtt. (MF) decompose
into gaseous products and a char residue. Decomposition into gaseous products led to
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a mass loss of more than 50%. The formation of a char residue in both cases was due
to the decomposition of lignin in the range of 640 to 780 K.

2. High poly(lactic acid) (PLA) filling using both EC and MF increased the susceptibility
of the composites to thermo-oxidative decomposition. However, PLA/EC composites
were less thermally stable than PLA/MF composites.

3. The formation of solid residue in composites containing EC started much earlier than
in PLA/MF composites. The char residues that were formed acted as a local thermal
insulator, which resulted in the achievement of reduced flammability. As a result, the
use of 10 wt% EC filling in PLA reduced flammability by 37%.

4. The obtained result was the best among all previously tested natural systems by the
author for use as flame retardants. It shows how huge the potential is hidden in
antioxidants. It opens new paths of searching for effective green flame retardants for
biopolymers.
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