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Poly (lactic acid) or polylactide (PLA) has gained widespread use in many industries and has become a commodity
polymer. Its potential as a perfect replacement for petrochemically made plastics has been constrained by its
extreme flammability and propensity to flow in a fire. Traditional flame-retardants (FRs), such as organo-halogen

chemicals, can be added to PLA without significantly affecting the material’s mechanical properties.

2D nanomaterials flame-retardants polymers

| 1. Introduction

The extraordinary blend of qualities found in polymer materials, including their lightweight, high specific strength,
simplicity of processing, adaptability, cost-effectiveness, and moldability, is driving their rising use in daily life &. The
search for alternative bio-based/biodegradable polymeric materials has become increasingly important due to the
current environmental awareness of the impact of synthetic polymers and the strict environmental laws adopted by
governments worldwide . By 2027, the global production of bio-based polymers is expected to expand by an
impressive 14% [2. For instance, the production of bio-based epoxy resin is on the rise, polytrimethylene
terephthalate (PTT) has recovered its appeal after several years of stable capacities, and polyethylene (PE) and
polypropylene (PP) made from bio-based naphtha are further establishing themselves with rising volumes 2. The
new market and trend report “Bio-based Building Blocks and Polymers—Global Capacities, Production, and Trends
2022-2027" by the International Nova Biopolymer expert group presented capacities and production data for 17
commercially available bio-based polymers in the year 2022 and a forecast to 2027. Polyhydroxyalkanoates (PHAS)
and bio-based polyamides (PA) are both expected to see current and future growth. Also returning to the fray is the
bio-based PET [&. The new market and trend report “Bio-based Building Blocks and Polymers—Global Capacities,
Production, and Trends 2022-2027" by the International Nova Biopolymer expert group presents capacities and
production data for 17 commercially available bio-based polymers in the year 2022 and a forecast to 2027. In 2022,
the production was 4.5 million tons, with a total installed capacity of 4.9 million tons, or 1% of the volume of all
fossil-based polymers produced. A rise in capacity to 9.3 million tons in 2027 is anticipated, showing an average
compound annual growth rate (CAGR) of roughly 14%, much higher than the growth of polymers (3—-4%) previously.
PHA is predicted to rise by 45%, PLA by 39%, PA by 37%, and PP by 34% until 2027. These polymers will all grow
well above the average growth rate. Until 2027, PE use in Europe will rise by 18%, and casein polymers will rise by
15% [2. After Asia, the leading region with the highest percentage of bio-based polymer(s) production capacity
installed globally in 2022 (41%), with the highest capabilities for PLA and PA, Europe follows with 27%, primarily

based on starch-containing polymer compounds, PE and PP. South America accounts for 13%, primarily based on
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PE, and North America accounts for 19%, with significant installed PLA and PTT capabilities. The Australia/Oceania

market share of less than 1% is based on starch polymer compounds 2.

The focus has been on biodegradable qualities among the countless bio-based polymers, such as starch,
methylcellulose, PLA, polycaprolactone, and PHA, as well as their mixtures 2. Meanwhile, PLA has garnered much
interest because of its distinctive qualities, including its attractive look, high mechanical strength, biodegradability,
cytocompatibility, transparency, and more Bl With a projected annual growth of 39% due to these qualities, its
applications have expanded [&. Recent applications of PLA in the automotive sector, industrial carpets, building and
construction, furniture, high-end fashion electrical and electronics, items, foams, and fiberfill, among other
industries, have sparked its interest in advanced materials 2. However, PLA is renowned for having a low melting
point and a high flammability level, which can occasionally release harmful gases during combustion in
contaminated environments. Due to this, expanding the uses for PLA now requires enhancing its FR qualities, even

though significant work has already been done in this area [4IBIEI7,

Like any other polymer, the flammability of PLA polymer is determined by well-known factors like solid degradation
rate and/or peak heat release rate “pHRR” (burning rate), delay time, ignition temperature, critical heat flux for
ignition (ignition characteristics), in particular toxic species emissions (product distribution), production of smoke [,
and others. Previously, the only FRs for PLA that were conventionally used were those with halogen moieties
because they have been largely successful in most polymers W. However, due to their adverse health effects on
both humans and animals, these FRs are now recognized as major potential global contaminants . As the dust
from indoor exposure, mechanical recycling of plastics and metals, and open burning and cremation of household
items, halogenated FR leaks into the environment throughout their valuable lives. Throughout the lifespan of treated
objects, halogenated FR leaches to the environment as dust through indoor exposure, mechanical recycling of
plastics and metals, and cremation and open burning of household trash, such as electronic components, paints,
solvents, and textiles (L. They are also mainly linked to endocrine and thyroid disturbance, immunological toxicity,
reproductive problems, cancer, neonatal and fetal defects, abnormal child development, and neurologic functions I,
Due to rigorous government regulations and increased consumer awareness of the environment, halogenated FRs
are consequently being phased out gradually [l. The research community has produced many intriguing findings in
response to the search for substitute eco-friendly FRs. However, no commercially available two-dimensional (2D)-
based FR has been specifically developed to manage the flammability of PLA to retain its biological integrity while

enhancing or maintaining its delicate crystalline and mechanical qualities X,

1.1. PLA Feedstock

Lactic acid (LA) molecules create biodegradable and biobased PLA. Technically, PLA is suitable for various
applications, from single-use packaging to lasting consumer items, because of its flexibility and other technical
characteristics. The feedstocks used are glucose and sucrose. The primary biological source of glucose is still corn
grains. The grains of maize are processed to remove the starch after harvest. Then, a process known as hydrolysis
converts starch molecules into molecules of glucose. After being dried, glucose goes through an industrial
fermentation process using bacteria. The resultant LA solutions are transformed into lactide and then crystallized to
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remove impurities before polymerizing into PLA. Similar general steps apply when using sugar cane, except the
fermentation process uses sucrose extracted from the stalks [E. Because scientific expertise and production
capabilities have risen relatively high, PLA manufacture is currently more economical than other bioplastics. PLA
has the greatest biopolymer production capacity installed as of 2022 in the global production capacities of all
biopolymers, with a reported 39% growth rate in market shares [&. Again, the European Bioplastics report on
bioplastic production shows that PLA production stands out at 20.7% higher than all others and is predicted to rise
to 37.9% by 2027 . The three main application areas for PLA-based finished goods are rigid packaging, flexible

packaging, & textiles.

The main goal of PLA feedstocks/synthesis processes has been to address the environmental concerns related to
land usage and competition with food products tied to the current feedstock creation of food crops. Among these,
the use of leftover plant material from their cultivation (stover) and processing (e.g., sugar cane bagasse) as
cellulose-based feedstocks has also been studied for a while. These materials are obtained as a byproduct,
eliminating or at least lessening first-generation feedstocks’ drawbacks. Several recommendations have been made
to entirely uncouple PLA manufacturing from agricultural land usage in recent years. Waste and byproducts from the
food business that would otherwise have little or no economic value are also used nowadays. Harbec X% and
Broeren et al. 12 have reportedly examined water waste generated during the industrial preparation of potatoes as
feedstock for PLA synthesis. Using lactose and proteins as feedstocks, Liu et al. 2% Jook into manufacturing LA from
cheese whey by contrasting various bacteria species and fermentation enzymes. Juodeikiene et al. 11l investigated
how to increase the yield from cheese whey. Nguyen et al. (12l investigated an instance in which waste from the
industrial extraction of curcuminoid from the Curcuma longa root utilized in medical applications is fermented to LA
through simultaneous saccharification and fermentation. According to De la Torre et al. 22 orange peel waste and
corn steep liquor have also been used as substrates. Coffee pulp, a byproduct of coffee processing, is the subject of
Pleissner et al. 14 investigation. Alves de Oliveira et al. 121 suggested using sugar beet pulp as a byproduct of
sugar extraction from sugar beets for animal feed. Another area looks at the possibility of switching from land-based
to sea-based resources. It is thought that the cultivation and fermentation of carbohydrate-rich marine plants will
provide a chance to create whole new production pathways, protecting current food supply chains from disruption
by the creation of plastic. In this vein, Helmes and his group 28! investigate the utilization of the seaweed Ulva spp.
in the LA synthesis process. Brown algae species Laminaria sp. have been reportedly grown as a feedstock source
in an experiment by Ogmundarson et al. 7],

The number of novel feedstocks for PLA for which thorough studies on environmental performance are available is
still relatively small. Lignocellulose, a second-generation feedstock produced as a byproduct of plant cultivation, has
drawn particular interest in the already available data. Its primary benefits are clear: no environmental concerns are
connected to land transformation when gathered only as a byproduct within the framework of currently used
production processes for corn, sugar, or cereal. Additionally, the allocation principle’s emission reduction also
applies to the cultivation of the feedstock since fertilizer input, water consumption, and machinery used are
effectively shared between the agricultural outputs. By doing this, it would be possible to lessen the effects of
climate change on both local and global environmental categories, including those linked to soil, water, and human

health. Although these agricultural by-products are frequently not put to significant commercial use, they are not
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useless from an ecological standpoint, as shown by Ogmundarson et al. 2 and this should be taken into account
in an environmental study. The plant material left on the field after harvesting offers ecological benefits, including
erosion control and a boost to the soil's carbon content, or it can be burned to provide electricity instead of using
fossil fuels. The potential costs of these alternate uses should be considered in LCAs, examining the advantages of
cellulose feedstocks, ideally through system expansion. Such a consideration can significantly degrade the overall

environmental performance, according to the analysis by Ogmundarson et al. 17,

1.2. PLA Synthesis in Brief

The category of polymeric biomaterials referred to as poly-a-esters, poly-a-hydroxy acids, and/or aliphatic
polyesters includes PLA, a hydrophobic polymer. It is made from LA, also known as 2-hydroxy propanoic acid,
which has two enantiomeric forms, L-(+)-LA and D-(-)-LA and is a water-soluble monomer. LA is the starting material

for this process, as indicated in Figure 1 8],
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Figure 1. Lactic acid and lactide are initial stereocisomers.

Even though both enantiomers are often used in industrialized synthesis, L-(+)-LA is its isomer of interest for
biotechnology, bioengineering, and biomechanics applications, seeing it participates in the metabolism at a cellular
level within the body system and lowers the likelihood of adverse reactions. L-(+)-LA could be excluded from the
body in the form of H,O and/or CO> from the lungs in an in vivo setting by either incorporating it into the Krebs’ cycle
or converting it into its stored form in the liver “glycogen” 1&. If L- and D-monomers racemic blend is
utilized/adopted, poly-D,L-lactic acid (PDLLA) copolymer is generated. PLA could then be made by commencing
with virgin L- and D-lactic isomers, corresponding to poly-L-lactic acid (PLLA) and poly-D-lactic acid (PDLA)
homopolymers. Stereochemistry significantly impacts material properties: PLLA is a semi-crystalline polymer,
whereas PDLLA is an amorphous polymeric material with no melting point. Additionally, because PLLA has

crystalline areas, its degradation rate is considerably slower than PDLLA’s.

When lactonitrile is produced from hydrogen cyanide and acetaldehyde (1), it is hydrolyzed at a low pH to produce

LA (2), which is then transformed to methyl lactate (3) via esterification and finally reclaimed, followed by its
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purification via distillation. After hydrolyzing, methanol is recycled in step two to create LA and methanol from lactate

(3). In any case, a racemic mixture results from this kinetic process 121,

The most popular method for processing sugar solutions at the moment is bacterial fermentation; this method
produces high yields and, depending on the bacteria used, permits the production of either a specific stereocisomer
or a racemic mixture. According to estimates, this method yields around 90% of global LA today. The following LA
purification procedure, which is costly and affects process profitability, is the crucial stage in this system. Reactive

distillation, membrane separation, ion exchange, and liquid extraction are frequently used.

Step growth polymerization or ring-opening polymerization (ROP) are viable methods for creating PLA polymers.
The reactivity of the two LA functional groups is exploited in step growth polymerization; in fact, the
polycondensation of the hydroxyl and carboxyl moieties results in the production of the ester linkages that make up
the polymer backbone. This method of synthesis has several drawbacks, including the need for prolonged residence
times for longer chains (which can cause undesirable side reactions, such as transesterification), difficult reaction
parameters with temperatures reaching 250 °C, and a vacuum pressure of ~100 mbar), along with the continuous
exclusion of water (a polycondensation byproduct). It is theoretically possible to use chain extenders (such as

isocyanates or epoxides), but doing so inevitably affects the quality and purity of the material.

ROP is the most used method at the industrial scale because of its benefits, mild process conditions, brief residence
durations, the absence of side products, and high molecular weights. The most extensively used catalyst in PLA
synthesis is 2-ethylhexanoic tin(ll) salt, likewise known as stannous octoate “Sn(Oct),”, which has been given U.S.
Food and Drug Administration approval and is typically used in conjunction with alcohol as a co-catalyst. The
availability of cyclic monomers and their optical and chemical purity are the primary bottlenecks of ROP because
impurities have a negative impact on material quality due to the reaction’s sensitivity to remaining non-cyclic
monomers. The cyclic dimer lactide, having trio-stereocisomeric forms and serves as PLA raw material, is

represented in Figure 2 as the following: D, L-, LL-, and DD- (also referred to as a meso-lactide) [Eli22],
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Figure 2. Major production routes for PLA.
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A backbiting kinetic mechanism Is typically used to create lactide, starting with a low MW pre-polymer. After
distillation, the cycles are eventually collected. Enzymatic polymerization and azeotropic dehydration are further

methods of synthesis. The routes for synthesizing PLA-based polymers are listed in Figure 2 (29,

Due to its eco-friendliness, biocompatibility, and processability, PLA is now extensively used in materials science,
even in applications where retarded flammability is required. PLA is processable using a variety of methods,
including melt compounding and extrusion, injection stretch blow molding, injection molding, solution intercalation

plus casting, blow film extrusion, foaming, melt spinning of fibers, electrospinning, 3D printing, etc. [BI[21122]23]

It is also important to note the advantages of PLA as a polymer: its eco-friendliness, biocompatibility, ease of
processing, and less energy consumption (25-55% less energy) during production compared to petroleum-based
polymers. Though several advantages have been stated, PLA has its disadvantages, which are poor toughness
(highly brittle: <10 elongation at break), slow crystallization and degradation rate, relatively high hydrophobicity
(contact angle of 80°), and a lack of reactive side chains or surface functional groups making it very difficult to

almost impossible to modify PLA.

1.3. Polymeric Materials Behavior in the Fire: PLA Exacts

Before tackling the issue of the fire threat provided by polymeric materials, it is critical to gain a complete
understanding of the combustion process of a polymer. Polymer combustion is a multi-step process involving
several related chemical and physical steps. Three crucial components, heat, fuel, and oxygen, sometimes shown
as a fire triangle, must all come together simultaneously for polymer combustion to begin and continue 24l Due to

their chemical composition, which is mainly composed of carbon and hydrogen, polymers are highly combustible
[25],

A combustible substance (reducing agent) and a combustive substance are required for the combustion reaction
(oxidizing agent). Combustion is usually brought on by oxygen in the air. When a heat source raises the
temperature of the polymeric material to a threshold where polymer bonds split, the entire process frequently starts
there. A combustible gaseous mixture is created when the polymer fragments are created due to the volatile portion
diffusing into there (also called fuel). This gaseous mixture ignites and releases heat when the auto-ignition
temperature, which is the temperature at which the activation energy of the combustion reaction is achieved, is
reached. The fuel can ignite when exposed to a potent energy source outside of it at a lower temperature (referred
to as the flash point) (spark, flame, etc.). How long the combustion cycle lasts depends on how much heat is
produced during fuel combustion. When the amount of heat released exceeds a certain limit, new breakdown
reactions in the solid phase start, forming more combustibles. Consequently, the combustion cycle is preserved, and

the phrase “fire triangle” is utilized (Figure 3) [22],
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Heat

Inflammable P Combustive
polymer (E.g., PLA) gas (air)

Combustion cycle principle (Ref: polymers (PLA combustion))
Figure 3. Combustion cycle principle with reference to PLA.

The physical characteristics of the material determine how much energy is required to initiate combustion in
polymers. Semi-crystalline thermoplastics, for instance, cause the polymer to soften, melt, and drip when heated.
The polymer’s capacity for heat storage, as well as its enthalpy of fusion and crystallinity level, all play a role in
determining how much energy it can hold throughout these processes. The exothermicity of the processes, the
specific heat, and the thermal conductivity of the semi-crystalline thermoplastic all contribute significantly to the
temperature increase of the polymer and the accompanying rate. However, most thermosets and amorphous
thermoplastics experience polymer breakage during heating because they lack a melting point (221,

The endothermic process of covalent bond dissolution, which results in the thermal breakdown of a polymer,
requires energy input. The energy introduced into the system must be greater than necessary to bind the covalently
linked atoms together (200-400 kJ/mol for the bulk of C—C polymers). The decomposition mechanism’s major
factors include the weakest bonds and whether oxygen is present in the solid or gas phases. The combined effects
of heat and oxygen typically bring on thermal breakdown. As a result, oxidizing and non-oxidizing heat degradation

can be separated 28],

1.3.1. Principle of Polymeric Materials That Resist Fire

The pyrolysis and combustion of polymers occur in several phases, as shown in Figure 3. The polymeric substrate,
which an outside heat source has heated, is converted into combustible fuel by pyrolysis. Only a part of this fuel is
normally completely consumed when mixed with the stoichiometric amount of oxygen in the flame. Strong catalysts
and abundant oxygen, among other severe techniques, can burn up the residual fraction. The substrate keeps
pyrolyzing as the combustion cycle is maintained by returning some of the heated energy. Additional heat is
removed by the environment 22, Depending on their makeup, FR systems can function chemically or physically (by

chilling, forming a protection barrier, or diluting fuel) (reaction in the condensed or gas phase). They might prevent

https://encyclopedia.pub/entry/49066 7/21



2D Nanomaterial-Based Flame-Retardant PLA Materials | Encyclopedia.pub

different polymer combustion processes from happening (heating, pyrolysis, ignition, propagation of thermal
degradation) 22!,

Physical Action

Some FR additives experience an endothermic breakdown, which causes heat to be consumed and the
temperature to drop. This necessitates a small amount of reaction medium cooling to below the temperature of
polymer combustion. Magnesium hydroxide and hydrated trialumina also belong to this category and start to
produce water vapor at temperatures of about 200 and 300 °C, respectively. This kind of strong endothermic
reaction is said to act as a “heat sink”. The breakdown of the FRs dilutes the combination of flammable gases. It
produces inert gases like water, carbon dioxide, etc., which lowers the concentration of reagents and the risk of
ignition. Various FR additions may also form a protective solid or gaseous layer between the solid phase, where
thermal degradation occurs, and the gaseous phase, where combustion occurs. The passage of such a barrier
prevents gases like oxygen and flammable, volatile vapors. As a result, significantly less decompaosition gas is

produced. Additionally, the fuel gases and oxygen can be physically separated, halting the combustion process 23,

Chemical Action

The amount and composition of the gaseous products and the energy needed to heat the polymer to the pyrolysis
temperature and break down, gasify, or volatilize the combustibles all affect how flammable the substrate is. An FR
with a condensed phase chemical mechanism can alter the pyrolytic route of the substrate and considerably reduce
the number of gaseous combustibles by encouraging the formation of carbonaceous char and water. In this case, as

the flame-retarding chemical concentration is increased, the heat released during combustion is decreased 27,

The heat released during combustion decreases typically as the flame-retarding chemical grows, although the
amount of combustible material in the gas-phase mechanism doesn’t change. The pyrolysis decreases or stops
when the surface temperature decreases because less heat is returned to the polymer surface. When it comes into
contact with the flame, the flame-retarding substance must be gaseous and volatile. Instead, it must disassemble
and deliver its molecule’s active component to the gaseous phase. The less active agent will be present in the char
that remains in the substrate. In the worst situation, the polymer pyrolysis should proceed as if no FR had been
added. As they approach the flame, the composition of the volatiles should also not be affected by the presence of
the gas-phase active agent (27,

1.3.2. The Condensed-Phase Mechanism

The condensed-phase method relies on the idea that the polymer and the FR component, frequently provided in
large amounts, would interact chemically. The pyrolytic breakdown occurs at higher temperatures than this contact.
It was suggested that the two main types of this interaction were cross-linking and dehydration. They are well-

established for various polymers, including synthetic and cellulosic ones 27,

1.3.3. FR Mechanism of PLA-2D NPs NCP in Brief
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There is no one method for determining flame retardancy because the FR chemistry of composites is typically overly
complex. For this reason, scientists frequently select FRs based on models for the chemistry of heat degradation of
polymers and fire hazards. In addition, various commercial specifications, including those relating to the way a
product is processed, its cost, environmental stability, color, and, more recently, its sustainability and recyclable

nature, are imposed on commercial goods.

It is commonly acknowledged that the basic FR mechanism of polymeric NCPs, such as PLA systems made with 2D
layered nanomaterials, is based on those materials’ barrier characteristics. Furthermore, the addition of layered
nanomaterials can operate as a carbon donor (charring agent) to increase the char residue, forming an insulating
char layer between the burned and unburnt structures during the combustion process 28, For instance, it has been
shown that layered double hydroxides (LDH) increase the PLA's flame retardancy by leaving behind refractory oxide
residues on the surface of the material and releasing water vapor and carbon dioxide during the polymer’s
breakdown (22,

Through a 2D layered structure with a lamella blocking effect, graphene can have numerous special properties that
limit oxygen access and delay the heat transfer between interfaces, thwart the escape of pyrolysis products, and
mix the oxygen Y. Again, it has been hypothesized that MMT creates a carbonaceous silicate during combustion
on the surface of the polymer material. Heat and mass transport are inhibited by the carbonaceous silicate 81l The
intercalated particles under the heat source can expand perpendicular to the carbon layers in the crystal structure
because expanded graphite (EG), one type of graphite intercalation compound, retards flame in its PLA systems.
These structures are intumescent and can rely on thermally induced disintegration to create a char layer that
separates the substrate from the heat source 2. It has also been claimed that the dispersion and exfoliation of
molybdenum disulfide (MoS,) in PLA provide a physical barrier effect that can impede the transfer of heat and the
products of polymer decomposition. To limit the transmission of heat and mass during combustion, the transition
metal element Mo encourages the formation of a physical barrier known as the char layer 2l Layered materials
slow down hazardous gas escape from matrices into the surface of PLA-2D NPs NCPs, reducing the amount of

flammable gases in combustion zones. The “labyrinth effect” is another name for this.

Furthermore, incorporating layered nanomaterials increases the viscosity of polymer matrices, which may help slow
down oxygen diffusion rates inside polymer melt and the generation of breakdown products from below. As the
temperature rises during pyrolysis and combustion, the viscosity and density of the polymer melt also rise. As a
result, the mass loss rate (MLR) gradually decreases, and the movement of FR particles to the flame slows down. In
addition, the higher the viscosity of the polymer melts, the lower the likelihood of dripping and the greater the

likelihood of forming an expanding layer of char 241,

2. 2D Flame Retarding NPs as FRs in PLA Composite
Systems

Several layered NPs (2D nanomaterials), such as expandable graphite (EG) B2, MXenes B8, MMT B2, | DH [£8],

MoS, 23 and others, have so far demonstrated outstanding flame-retarding properties in PLA-based polymer
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composite systems.

It has been suggested that the geometry of NPs, such as zero-dimensional (0D), one-dimensional (1D), 2D, and/or
three-dimensional 3D, greatly affects the FR properties of polymeric matrices and their ultimate NCP(s) B2. It has
been demonstrated that fire performance increases with the order of rod-like, spherical, and plate-like geometries
that qualitatively match the effective surface area of NPs in the PLA-based NCP(s). This phenomenon was claimed
to be dependent on the intercalation/exfoliation (nanodispersion) of the clay (MMT), which resulted in a significant
increase in the surface area that aided in the rapid migration and accumulation of platelets on the exposed sample
surface before the formation of intumescent char. A thicker aluminum phosphate/MMT NCP char formed as a result,
acting as a potent transport barrier and preventing intumescence B2, Additionally, investigations into the
microstructural development of the leftovers revealed remarkably uniform, hollow-fibrillar formations after

PLA/aluminum diethylphosphinate (AlPi) combustion.

2.1. Nanoclays (NCs)

The most widely used and significant class of two-dimensional NPs are often NCs (amongst which a notable
exception of increasing importance is one-dimensional (1D) sepiolite). Most of them are phyllosilicate minerals that
are found in nature. Although boehmite (an aluminosilicate) and other clays have also been utilized in polymeric
(nano)composites, MMT is by far the least expensive and most frequently employed 29, Even compared to other
nanomaterials, they compare favorably in cost-benefit ratio 21,

2D Layered mineral silicate NPs called NCs have been developed for usage in various niches. Due to NC's potential
advantages, including enhanced mechanical strength, lower gas permeability, and superior flame-resistance €,
polymer-clay NCPs are a class of nanomaterials (NMTs) that researchers have widely explored. Based on their
chemical makeup and NP form, NCs are classified into various classes, including MMT, halloysites, bentonite,
kaolinite, and hectorite BI4243] The alluring class of hybrid organic-inorganic NPs known as “organoclays” can be
used in polymer NCPs as FRs, gas absorbents, drug delivery vehicles, and rheological modifiers [8. Along with the
well-known FR chemistries, it has been extensively reported that the application of NC enhances the qualities of
PLA and its good FR capabilities [LIEI21]142][43]144] The addition of organo-modified NC improves the storage
modulus of PLA in both the solid and molten stages and the polymer’s biodegradability and flexural strength 642l
(431 NCs also can reduce the cone calorimeter test’s pHRR (€. In a typical experiment, 3% organo-modified MMT
(O-MMT) and sodium MMT (Na* MMT) loaded PLA/clay NCPs were created, and their FR properties, molecular and
supramolecular characteristics were investigated using a thermogravimetric analyzer (TGA), differential scanning
calorimetry (DSC), and light microscopy (LM) 2!, |t was determined that the filler changed the PLA matrix’s ordering
at the molecular and supramolecular levels but that it encouraged char formation, decreased flammability, and
increased thermal stability instead. A related study examined the melt stability and FR characteristics of O-MMT at 5
wt.% and intumescent FR (IFR) at 15 wt.% 48, The two systems produced outstanding flame retardancy, resulting
in a UL-94 V-0 rating, an LOI of 27.5%, and improved melt dripping suppression. Similar results have been

published 22 for knitted fabrics finished with PLA/clay NCP in the presence of a plasticizer, in which a significant
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reduction in pHRR (38%) was reached. EG and O-MMT were used in synergy to create PLA-based NCPs, and their

thermal and mechanical properties were assessed 32,

The synergistic effect of SiO,, Zinc Borate (ZnB), and O-MMT NPs in PLA aimed at retarding the flammability of
PLA matrix containing 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) has been investigated by
Long et al. 7. These researchers adopted MCD and injection molding to prepare their NCPs. The virgin PLA
displayed no retardancy against fire, though upon including 10 wt.% DOPO, an improvement in the LOI from 19.1%
to 27.1% was observed, along with a UL-94 rating of V-0. Additionally, with the inclusion of the O-MMT, the UL-94
rating dropped from V-0 to V-1, and the system showed melt drops during the fire test. The same was true with the
NCP containing DOP, O-MMT, and ZnB. However, upon the inclusion of SiO, in the composite system, the LOI
value was 27% compared to the LOI value of 25.8% and 26.5% for the composite systems containing O-MMT and
ZnB at 2 wt.% B,

There is an interesting report on the utilization of C30B in synergy with EG to fabricate a PLA NCP with not just
flame retardancy but enhanced thermal stability, mechanical performance and also enhanced co-dispersion of 2D
NPs with PLA 2 The improvement in the FR properties of the virgin polymer upon the inclusion of the NPs was
attributed partly to accelerated PLA crystallization primarily governed by the added EG. Additionally, the enhanced
thermal stability of the NCP system was attributed to the addition of organoclay. The presence of both 2D NPs was
said to improve the mechanical performance and partially enhance thermal properties simultaneously. In this way,

the authors prepared an NCP having either of the fillers and a ternary system having the synergized 2D NPs.

When C30B and EG are added to PLA, better property performance is achieved during combustion, resulting in
significant reductions in sample BR compared to neat PLA. This phenomenon was postulated to be related to
forming a carbonized surface layer rich in silicate or graphite, which can shield the bulk of the PLA from the heat
source. These researchers also noted that PLA-EG NCPs are entirely shattered by burning and dripping, in contrast

to PLA-C30B NCPs, which retain the original shape of specimens with only partial fragmentation (Figure 4a,b) 221,

(a)

PLA-3CLO

£
¥

PLA-3CLO - 3EG

PLA-3CLO-6EG

PLA-9EG aftor UL94 V tost

PLA— 3CLO — 9EG - after UL94V test
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Figure 4. (a) Images of neat PLA and PLA specimens containing CLO, previous and after UL94V test and (b)
Images of PLA-9EG specimen before UL94V testing and residue obtained by burning. Similar observations were
obtained for PLA-3EG and PLA-6EG NCP.

Another experimental investigation conducted by Solarski and his group aimed at preparing PLA-clay NCPs for
creating FR textile fibers has been explored 22, Melt mixing was adopted in their work to process PLA and 1-10
wt.% of a particular organomodified bentonite clay (Bentonel 104-B104) in order to investigate the impact of
processing variables, such as residence time, temperature, and shear on the morphology of PLA/clay NCPs. It was
revealed that the dispersion of B104 occurred under various conditions without difficulty due to strong compatibility
with the PLA matrix, and a comparable morphology was formed [22. Their outcomes demonstrated that the extent of
intercalation and delamination at low mixing temperatures is significantly influenced by the shear stress applied to
the polymer. By adding 4 wt.% B104 to the PLA matrix during melt blending, upscale tests were carried out under
improved circumstances to create NCP for the spinning process. It was then shown that, surprisingly, it is not
necessary to utilize a plasticizer to spin a mixture with 4 wt.% B104 by melt spinning to obtain NCP-based
multifilament yarns 22, The yarns’ thermal, mechanical, and shrinkage properties and clay dispersion were all
investigated. Even at high draw ratios, B104 may be added to PLA in amounts up to 4 wt.% without negatively
affecting the tensile strength of melt-spun filaments. Interestingly, the flammability of the NCP-based multiflaments

was investigated using a cone calorimeter at 35 kW/m?. The HRR experienced a significant decline of up to 46%
22

Another study examined how O-MMT, an IFR, affected PLA's melt stability and flame retardancy. A twin-screw
extruder and a two-roll mill created the FR PLA. Then, adopting LOI, vertical burning test, TGA, scanning
electronmicroscopy (SEM), melt flow index (MFI), and parallel plate rheological studies, the impact of IFR and MMT
on flame retardancy and melt stability was carefully examined. The testing findings demonstrate that the IFR
system, in conjunction with MMT, has good fire retardancy, as evidenced by the sample’s ability to receive a UL94
V-0 rating and an increase in the LOI value from 20.1 for unaltered PLA to 27.5 for the flame-retarded PLA. O-MMT

greatly improves melt stability and reduces melt leaking, according to MFI and rheological measurements 281,

In another instance, clay particles were added to polylactide (PLA) together with a plasticizer, inorganic additives,
plus O-MMT or unmodified O-MMT NPs (ethylene glycol) (42! to fabricate FR PLA NCP. Melt blending PLA with other
components produced the PLA-based systems. While adding microparticles produced a microcomposite, combining
PLA with O-MMT particles produced an NCP with an intercalated nanostructure. In both systems, the proportion of
O-MMT was kept at 3 wt.%. The same blending conditions were also used to create unfilled PLA, plasticized PLA,
and plasticized NCP. Poly(ethylene glycol) in the amount of 10% was utilized for plasticization. The melt filling of
PLA with organomodified NPs results in an NCP with an intercalated nanostructure, as was demonstrated. In
plasticized NCPs, the intercalated nanostructure was also generated. PEG molecules take part in or promote the

intercalation process. Unaltered clay particles create a traditional microcomposite with a PLA matrix.

Contrary to neat PLA, it was discovered that thermo-mechanical processing of PLA improves its capacity to

crystallize by heating up from the glassy amorphous form 421, Because of the intercalated nanostructure in NCPs,

https://encyclopedia.pub/entry/49066 12/21



2D Nanomaterial-Based Flame-Retardant PLA Materials | Encyclopedia.pub

including inorganic clay particles, it has a stronger inhibitory effect on PLA crystallization from the glassy amorphous
state. Plasticized PLA and polymer matrices crystallize more easily in NCPs thanks to plasticizers. Independent of
the sample composition, the heating technique used to induce crystallization from the glassy amorphous stage
resulted in the same crystalline alteration of the PLA matrix. The sample composition impacted the spherulites’ sizes
and perfection as they formed along with the crystallization. Spherulites are typically generated with smaller filler
inclusions and with worse order. The plasticizer's presence, particularly, is reported as a factor in developing
delicate spherulitic morphology. In this case, the amorphous phase’s organization is said to change little with age; it
is more plasticized in PLA, more constrained in NCPs, and stabilized by intercalated nanostructures 43, |t was
demonstrated that intercalation is not destroyed by crystallization in NCP materials or plasticized NCP materials.
Additionally, depending on the overall morphology and responsiveness to the sample mix were mechanical

properties.

Among the most popular organic biodegradable polymers, PLA is utilized extensively. Its FR properties, however,
are poor, as earlier stated: In order to overcome this drawback, a group of authors performed melt-blending of PLA
with IFRs (melamine phosphate and pentaerythritol) in the presence of organically modified MMT (O-MMT) &, The
authors carefully analyzed these produced nano-biocomposites with excellent intumescent char formation and
improved FR properties. The MMTs utilized in this work were modified with tributyl hexadecyl phosphonium (O-
MMT-2) and triphenyl benzyl phosphonium (O-MMT-1). According to a thermogravimetric investigation and Fourier
Transform Infrared spectroscopy, these NCPs emit fewer hazardous gases during thermal decomposition than
unmodified PLA. Concluding statements based on cone calorimeter data and char structure of different

nanobiocomposites were supported by melt-rheological behaviors.

Additionally, the surfactant characteristics utilized to modify MMT were very important in regulating the fire
properties of the composites. Compared to unmodified PLA, the fire characteristics of the NCP containing 5 wt.% O-
MMT-1 were dramatically enhanced, with peak heat and total heat release rates (THRR) declining by 47% and 68%,
respectively. In conclusion, developing high-performance PLA-based sustainable materials may benefit from the
melt-blending of PLA, IFR, and O-MMT 8],

An innovative IFR PLA system has reportedly been used to study the effects of various organically modified MMTs
(labeled DK1, DK2, and DK4) [ Lignin and microencapsulated ammonium polyphosphate made up of the IFR
system were adopted, while appropriate characterization techniques were used to study the morphology of PLA/O-
MMT NCPs. The composites FR and their thermal properties were assessed using the UL-94, LOI, and the cone
calorimeter (CC). According to the findings, the sample containing DK2 had superior flame retardance supported by
its lower pHRR and more excellent LOI value [, Sample PLA8 (including DK2) demonstrates a more outstanding
increase in the flame retardancy of IFR-PLA when compared to DK1 and DK4, having the best LOI value of 35.3
and UL-94 V-0 at the loading of 2 wt.% of DK2. According to the cone calorimeter’s findings, the addition of IFR
greatly reduces the HRR and THR of the IFR-PLA, and the addition of DK2 to IFR-PLA can further reduce the
corresponding values of IFR-PLA above; however, the addition of DK2 and DK4 cannot have the same impact.
According to the TGA data, the sample containing DK2, which has a higher char yield at high temperatures, has
superior thermal stability than the samples containing DK1 and DK4. The TG-FTIR data demonstrate that all O-
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MMTs stimulated the breakdown of PLA and that the sample containing DK2 released fewer combustible gas
products than the samples containing DK1 and DK4. The integration of DK2 could enhance the char quality and

result in a considerably more compact and continuous morphology, as the study of the char residues demonstrates
4],

As per considered literature, it is well established that the phenomenon responsible for impacting flame retardancy
to PLA-CL systems may be related to the formation of a carbonized surface layer rich in silicate, which can shield
the bulk of the PLA from the heat source and the barricading of the volatiles within the composite thereby retarding
degradation caused by oxidation. Additionally, considering the inexpensive nature of CLs NPs, their

commercialization is achievable.

2.2. MXene

Through an etching process of titanium aluminum carbon (TizAlC,) followed by liquid exfoliation, a novel 2D
nanomaterial known as titanium carbide (TisC,T,) was identified for the first time in 2011 [“&l4950 Ti,C,T,
nanosheets have a wide range of potential uses in the fields of sensors, water treatment, catalysis, energy storage,
electromagnetic interference shielding, and so on because of their inherently high metal conductivity, adjustable
surface active sites, and notable mechanical stability 29, Additionally, because of its low thermal conductivity and
exceptional lamella thermal stability, TizC,Tx can have a lamella barrier effect during the pyrolysis and combustion
of polymeric materials 481, As a result, TizC,T, has been considered a viable polymer FR additive for polymer

matrices, such as PLA [48],

As a potential nontoxic functional ingredient for creating FR polymer composites, a novel 2D transition metal carbide
called MXene (Ti3C,) has recently received much attention B8, Mxene limits the emission of flammable volatiles
while preventing further burning of the underlying polymer composite thanks to its layered flake shape, which
creates a physical barrier effect. The Ti component of Mxene has been discovered to exert a catalytic attenuation
effect on most polymers, unlike most traditional FRs and other 2D nanomaterials, leading to a considerable

decrease in composites’ heat and smoke release 28!,

Zhou et al. 28 reportedly synthesized a PLA/DOPO-Ti;C, NCP system having excellent property performance as a
FR material. The fabricated FR presented a pHRR reduction of 33.7%, a V-0 UL-94 rating owing to the DOPO- Ti 3

C 2 ability to interplay the catalytic, barrier, and condensed effects within the PLA system.

Cone calorimetry, the UL-94 test, and the LOI were used to demonstrate their findings on PLA composites’ thermal
and burning capabilities. The authors also looked at the tensile and UV-shielding capabilities. According to the
findings in the UL-94 test, PLA/ Ti 3 C 2 /DOPO (3 wt.%) demonstrated a V-0 rating. The large decrease in pHRR
(33.7%), total heat release (47%) and peak CO output (58.8%), as well as the improvement in fire safety, were all
indicators of this (41.7%). The interaction of catalytic, barrier, and condensed effects of the TizC,/DOPO nanosheets

in the PLA matrix, as seen in Figure 5, was the cause of the composites’ increased fire-safety performance 38,
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Figure 5. Proposed mechanism of FR.

In this interesting example where Mxene was adopted as reinforcing 2D NPs in the PLA system, the tensile strength
of PLA/Ti3C,-DOPO increased by about 9%, and it scored “Excellent” (UPF 50+) for UV protection B8l This study
presents a novel chemical modification technique for 2D Mxene flakes to create multifunctional PLA composites,

which show promise as candidates for the next wave of sustainable and protective plastic products 28],

There is an existing instance where Shi and his group & pointed out that Mxene (Ti;C,T,) can be effectively used
as FR in its pristine state, and it modified form Ti;C,T, (benzyldimethylhexadecylammonium chloride (HDBAC)-
TizC,Ty. They prepared Mxene (TizC,T,) via the etching of TizAIC, using LiF/HCI at a temperature of 35 °C for 48 h,
followed by washing with deionized H,O to neutral via centrifugation. The prepared Mxene was then dried and
ready for modification with HDBAC through a facile solution mixing under a nitrogen environment for 2h, washed
and dried for inclusion in the PLA matrix, as depicted in Figure 6a.

a 5 3
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“M LiF + HCI
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Al C O H N d
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9.9 9% 03 0 o PLA grains
SiAPP

PLA/HD-TC/SiAPP

Figure 6. Schematic diagrams for HDBAC-Ti3C,Ty (a) and PLA/HD-TC/SiIAPP composites (b).

According to Figure 6b, melt blending was used to process PLA composites. The formulations for the PLA/HDBAC-
TizCoTx(HD-TC)/SIAPP composites were made by adding 0.2, 0.5, 1.0, and 2.0 wt.% of HDBAC-TizC,Tx and 15.0,
14.8, 14.5, 14.0, and 13.0 wt.% of SiAPP, respectively. Raw PLA was first vacuum-dried at 80 °C for 12 h before
processing. The samples were then created using an internal mixer at 180 °C with a 50 r/min rotation speed. First,

pure PLA was poured into the internal mixer. The modified Ti3C2Tx and SiAPP were introduced into the mixer for 20

https://encyclopedia.pub/entry/49066 15/21



2D Nanomaterial-Based Flame-Retardant PLA Materials | Encyclopedia.pub

min to obtain an excellent visible dispersion after melting the PLA. The sample was heated under 10 Mpa at 180 °C
for additional analysis 28, Their prepared composite/hybrid system presented the best results for their formulation:
PLA/2.0HD-TC/13.0SiAPP, which contained 2 wt.% Mxene and 13 wt.% SiPPA: the LOI was enhanced from 24.4%
to 33.3% with a UL-94 rating of V-0, a pHRR reduction of 49.8% along with Txe,(°C) of 327 (residual wt.% of 10.33
at 700 °C) 28l They investigated the residual char from the NCP in order to ascertain the FR mechanism of the
PLA/Mxene/SIAPP: the formation of dense continuous intumescent C-layer was said to separate the thermal
decomposition zone and hinder the transfer of heat into the underlying NCP. Additionally, the addition of HDBAC-
TisC,T, enhanced the char formation, thereby hindering the spread of the fire, as depicted in Figure 7 48],
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Figure 7. Schematic illustration for the proposed flame-retardant mechanism.

In their study, Huang et al. B prepared PLA/IFR composites with Ti;C, Mxene nanosheets using melt blending, and
they looked at the synergistic impacts of Mxene on the fire performance of PLA/IFR systems by replacing some of
the IFR with Mxene. The incorporation of a small amount of Mxene might significantly improve the flame retardancy
of PLA/IFR composites, according to their LOI, UL-94, and CCT results. The addition of 1.0 wt.% Mxene and 11.0
wt.% IFR resulted in a V-0 UL-94 rating, an apparent rise in LOI (160.4%), and a clear decrease in pHRR (64.6%).
Intumescent char formation capability of PLA/IFR systems could be effectively improved by the presence of nano
TiO, catalyst and 2D nanosheet barrier effect of Mxene (as per Figure 8), thereby preventing the further flame
spread and the spread of fire hazard, according to CCTs analysis, SEM, photographs, laser Raman spectroscopy
(LRS), XRD, and X-ray photoelectron spectroscopy (XPS) of carbon residues of PLA/IFR/Mxene composites. It was
claimed that the use of 2D Mxene in this research was successful as FR additive-based nanomaterials with self-

charring and self-catalyzing functions as a high-performance synergist for various kinds of IFR polymeric matrix 211,
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Figure 8. Schematic illustration for the synergistic flame retarded mechanism of PLA/IFR/Mxene NCPs.

In summary, the 2D nanosheet barrier effect of Mxene is hypothesized to significantly increase the ability of PLA/IFR
systems to create intumescent char, hence halting further flame development and the spread of fire hazards.
Mxene’s layered flake form, which produces a physical barrier effect, controls the emission of combustible volatiles
while inhibiting additional burning of the underlying polymer mixture.
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