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ABSTRACT

Because of widespread public concern about plastic waste treatment and recycling, there is a global trend toward replacing non-
biodegradable polymers with biodegradable polymers. However, the inherent flammability of most biodegradable polymers presents a signifi-
cant barrier to their potential application, necessitating the rapid development of fire-retardant biodegradable polymers. Herein, three major
categories of fire retardants (FRs), including intrinsic FRs, additive FRs, and fire-retardant coatings, especially widely studied additive FRs in
the categories of organic, inorganic, and inorganic—organic, are reviewed, revealing how the physical and chemical structures of FRs affect the
fire-retardant efficiency of biodegradable polymers and concluding the influencing factors of their fire retardance from the perspective of the
physical and chemical structures of FRs. This work provides fundamental data and mechanistic analyses for the fire-retardant parameters of
biodegradable polymers by integrating/adding diverse types of FRs, to provide guidance for fabricating highly efficient fire-retardant biode-
gradable polymer materials and inspiring the development of future research and application of functional biodegradable polymers toward
circular economy and greater sustainability.
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I. INTRODUCTION

Polymers are pervasive in modern society because of their versa-
tility and distinct advantages in mechanical properties, wear resistance,
corrosion resistance, and electrical insulation."” However, the wide-
spread use of synthetic polymers in the last several decades has caused
considerable and often irreversible damage to the ecological environ-
ment despite the notable improvements they bring about in lifestyle
and convenience. To address these concerns, sustainably developing
biodegradable polymers can effectively protect our environment and
reduce environmental pollution without compromising quality of
life."

The synthesis and degradation processes of biodegradable poly-
mers create a milder-negative effect on the biosphere compared with
traditional synthetic polymers. On the one hand, most biodegradable
polymer materials demonstrate carbon sequestration and emit a lower
carbon footprint during production, use, and disposal as they are
sourced from natural origins, which are part of the carbon cycle and
hence do not produce additional carbon. On the other hand, biode-
gradable polymers, when landfilled, undergo mineralization and can
be reprocessed as fertilizers, further demonstrating their relative sim-
plicity in processing and recycling.” This superior degradation poten-
tial of biodegradable polymers has been used in diverse industrial
applications; e.g., chitin and chitosan are used as mulch films in agri-
culture,”” cellulose and polylactide (PLA) are processed as packaging
(food containers),” PLA is used in surgical sutures,” and starch and
polycaprolactone are used for electronics packaging (Fig. 1)."”
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FIG. 1. Applications of biodegradable polymers.
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Fire retardance is of critical importance in both the design and
use phases of these biodegradable polymer industrial applications and
is mandated either by the function (e.g., electronics) or an industrial
standard [e.g., vertical combustion test (UL-94)]. The interest level
around the development of fire retardance in biodegradable polymer
matrices such as PLA, poly(butylene succinate) (PBS), poly(butylene
succinate) (PBAT), and cellulose continues to be profound.’ !

Plenty of works have focused on the preparation and modifica-
tion of effective FRs that aims to improve the fire retardance of the
above biodegradable polymers while still maintaining their mechanical
properties and other practical properties. For instance, our group
devoted much work to the fire retardance of PLA in recent years, e.g.,
fabricating a series of additive phosphorus-containing FRs that signifi-
cantly increased the LOI values of PLA over 30% and effectively
reduced the heat release, in addition to endowing PLA with UL-94 V-0
rating. The mechanical properties of PLA could be maintained by pro-
viding a decent interface between the FRs and PLA matrix."” '°

In addition to PLA, a number of phosphorus or silicon-
containing small molecules or polymers have been fabricated and used
as additive FRs in biodegradable PBS and PBAT. Hu et al. prepared a
series of FRs by chemical modification of isosorbide by sulfur, silicon,
or phosphorus with different oxidation state. The results showed that
sulfur modified FRs endowed no improvement to the flame retardancy
of PBS, but showed slight improvement when blending with intumes-
cent FR. The lower oxidation degree of phosphorus (phosphonate and
phosphinate) led to an action in the gaseous phase while higher oxida-
tion degree (phosphate) led to an action in the condensed phase.'”
Zhang et al. fabricated a fire-retardant hybrid microsphere (SiP-M) via
the integration of phosphorous and silicon element. PBAT containing
1.0wt. % SiP-M exhibited a UL-94 V-0 rating and a LOI value of
29.8vol. %, and some reductions in peak heat release rate, total heat
release, and total smoke production. The interface adhesion between
PBAT and SiP-M could be modified by applying a coupling agent
KH560; thus, the tensile strength and elongation at the break of PBAT
blends were enhanced."”

In addition to additive FRs, the integration of fire-retardant ele-
ment directly along the polymer chain presents an interesting alterna-
tive to the additive way. Mincheva et al. developed a highly efficient
flame-retardant bioplastic PLA by covalently incorporating flame-
retardant DOPO. The resulting phosphorylated PLA showed superior
flame-retardant properties, with a significant reduction of both the
peak of heat release rate (PHRR) and total heat release (THR) by 35%
and 36%, respectively, and a V-0 classification at UL-94 test.'”

Fire-retardant coatings are main promising treatment options for
improving the fire retardance of cellulose as the coatings can protect
underlying celluloses from fire damage and meantime enhance their
mechanical properties. For example, a multi-amino phosphoramidite
(BPEI/DPn) was synthesized by using branched polyethyleneimine
(BPEI) and dimethyl phosphite (DP), and then, the coating was fabri-
cated on cotton fabric with the assist of 1,2,3,4-butanetetracarboxylic
acid (BTCA). When the mole ratio of BPEI and DP was 1:4, the BPEI/
DP4-coated cotton fabric presented superior flame retardancy with
self-extinguishing action and 27.9% of LOI value, and the heat and
smoke release of cotton fabric during the combustion were signifi-
cantly inhibited, with PHRR value decreased by 35.0% compared with
the unmodified cotton. In addition, this flame-retardant cotton fabric
could withstand a certain number of standard washing cycles and the
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mechanical capability of cotton fabric could be greatly improved via
modified with BTCA.”’ In another work, the cellulose fiber coated
with a naturally existing FR agent, phytic acid in amalgamation with
[3-(2-aminoethylamino)-propyl]trimethoxysilane showed stupendous
flame retardancy, with LOI value reaching 31% and the fire-retardant
properties could sustain up to 50 laundering cycles.”'

With the ever-increasing rate of fire-retardant biodegradable
materials research, there is a need for a comprehensive report on the
contemporary status and directions. Recent reviews on this topic have
summarized only one type of fire-retardant biodegradable polymer or
focused on one kind of FRs, such as biopolymer-based FRs** or nano-
sized FRs,” and no reviews have focused on the physical and chemical
properties of FRs that constitute the fire retardance in biodegradable
polymers.”*** Overall, a comprehensive and in-depth review on a
wide range of fire-retardant biodegradable polymers that could provide
a thorough understanding of the fire-retardant performance of biode-
gradable polymers is lacking.

To serve this purpose, this review focuses on the fire-retardant
aspects of biodegradable polymers and their blends. To facilitate the
reader’s understanding, biodegradable polymers are presented as
classified by their structure and type, with emphasis on the distinct
combustion routes they demonstrate. Then, the state-of-the-art fire-
retardant biodegradable polymers, including FRs’ physical and chemi-
cal aspects (e.g., size, morphology, component, small molecule, linear
polymer, and nonlinear polymer), fire-retardant mechanisms, and crit-
ical factors influencing fire retardance are highlighted and critiqued. In
addition, the effect of FRs on other properties of biodegradable poly-
mers is also briefly summarized. This review elucidates the structure-
fire-retardant property relationships between FRs and biodegradable
polymers, offering unique guidance and insight into rationally design-
ing high-efficiency FRs for biodegradable polymers and beyond.

Il. OVERVIEW OF THE STRUCTURES AND TYPES OF
BIODEGRADABLE POLYMERS

Biodegradable polymers can be divided into three types according
to the monomer and synthesis method: (i) micro-organism-derived pol-
ymers, (i) natural polymers, and (iii) synthetic polymers. These struc-
tures and their detailed characteristics are discussed in this section.

A. Polyhydroxyalkanoate (PHA)

PHA is a fully biodegradable and biocompatible micro-organism-
derived polymer that is obtained from microbial fermentation and has
significant applications in agriculture, industry, packaging, and medi-
cine.”” PHA consists of 100-3000 identical or non-identical hydroxyl
fatty acid monomers, most of which are 3-hydroxyl fatty acids with
chain lengths of 3-14 carbon atoms, and the side chains are highly vari-
able aromatic or aliphatic groups.”’ The structure and composition of
PHA can be easily altered by changing the microbial strain, feed, and
fermentation process, enabling the synthesis of over 150 hydroxyalka-
noate monomers. The most common PHAs are poly(3-hydroxybuty-
rate) (PHB),”! poly(hydroxy valerate) (PHV),” and copolymers of PHB
and PHV (aka. PHBV) (Fig. 2).”" A wide variety of hydroxyalkanoate
monomers yield different chemical properties within PHA polymers.

B. Natural polymers

Natural polymers are synthesized from natural substances,
including cellulose, starch, and chitin. Cellulose and starch are

pubs.aip.org/aip/are

polysaccharides formed from glucose molecules linked by glucosidic
bonds and are often the most common additives studied within the
domain of FR research. Cellulose is composed of linearly arranged
B-D-glucose units, which results in high thermal stability (Fig. 2).”*
Starch molecules consist of two forms of o-D-glucose units, a-starch,
and f-starch (Fig. 2). a-starch chains are spiral, while -starch chains
are planar, resulting in solubility and gelatinization of starch in water.””
Starch is synthesized in chloroplasts and storage tissues and is used to
store energy, whereas cellulose is present in the cell wall and provides
stability and mechanical strength to plant cell walls. Both starch and
cellulose play vital roles in plant growth and metabolism and are of
great significance to human life.”*’

C. Synthetic polymers

In this study, the only biodegradable synthetic polymers assessed
were PLA, PBS, and PBAT because of their high-volume/low-cost pro-
duction and their capability to secure a significant market share as
large-scale replacements for non-degradable plastics. These polymers
contain aliphatic ester bonds in their structure (Fig. 2),”® thus enabling
decomposition under a microbial environment. PLA is a rigid bio-
derived plastic that exhibits outstanding biocompatibility and trans-
parency, high heat resistance, and high tensile strength but lower
toughness, making it suitable for wide-ranging applications in packag-
ing, agriculture, and electronics.”” In contrast to the bio-derived PLA,
PBS and PBAT are polymerized from a petroleum-based monomer.
PBS exhibits high thermal stability but lower glass transition tempera-
ture and tensile strength, inadequate biocompatibility and storage sta-
bility, necessitating engineering modifications to extend its application
range.”” PBAT has a melting point of 120°C and low mechanical
strength; however, its elongation is 120 times larger than that of PLA,
enabling PBAT with higher toughness, ductility, heat resistance, and
impact resistance. This unique range of properties allows PBAT to be
effectively used in packaging, agricultural films, pesticides, and slow-
release fertilizers."’

lll. FIRE BEHAVIORS OF POLYMERS DURING
COMBUSTION

A. Fire behaviors of the polyester

PHA, PLA, PBS, and PBAT are members of the polyester family.
PHA, PLA, and PBS are aliphatic polyesters, whereas PBAT is an aro-
matic polyester containing benzene rings. These polyesters only consist
of carbon, hydrogen, and oxygen in their chains, thus displaying a
comparable ignition response. The combustion of polyester can be
generally divided into five distinct stages: (i) heating, (ii) degrading,
(iii) cracking, (iv) ignition, and (v) burning.41 In the heating stage,
upon the incidental external heat source, the polymer gradually gains
heat at a rate dictated by the heat flux, incidence area, flame tempera-
ture by the specific heat capacity, and thermal conductivity on the
polymer side. Thermal degradation is the predominant mechanism by
which a polymer degrades upon gaining heat beyond a threshold deg-
radation temperature, which triggers the scission of the weakest bonds
in the polymer. Beyond the decomposition temperature of the poly-
mer, the main chains, including C=0-0, C-O, C-C, and C-H,
exhibit breakage, including cracking and creation of low-molecular-
weight degradation products, with the rate of scission largely depend-
ing on the bond energy. During this period, a range of volatile gases
(eg, H, CH, CHg CH,O, CH;COCH; and CO) and an

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-3

§2:92:20 ¥20z Joquaydas oL


pubs.aip.org/aip/are

Applied Physics Reviews REVIEW

pubs.aip.org/aip/are

n

a-starch H

CH,0H CH,0H CH,0H
0, o, o,
OH OH
CHo0H CH20H CH20H HO o Vil B-starch
o, 0, o, H W, W
OH OH OH H
HO o o OH CH20H
OH OH J,  oH O, O, O,

2 CH,OH

OH OH
OH
H o, H

(0]
H 1
~Fo—C-tomirt-
R
Structure Name Abbr.
m=1 R=hydrogen Poly(3-hydroxypropionate) P(3HP)
R=methyl Poly(3-hydroxybutyrate) P(3HB)
R=ethyl Poly(3-hydroxyvalerate) P(3HV)
R=propyl Poly(3-hydroxyhexanoate) P(3HHx)
R=butyl Poly(3-hydroxyheptanoate) P(3HHp)
R=pentyl Poly(3-hydroxyoctanoate) P(3HO)
R=hexyl Poly(3-hydroxypelanoate) P(3HN)
R=heptyl Poly(3-hydroxydecanoate) P(3HD)
R=octyl Poly(3-hydroxyundecanoate) P(3HUD)
R=nonyl Poly(3-hydroxydodecanoate) P(3HDD)
R=hendecyl Poly(3-hydroxytetradecate) P(3HTD)
FIG. 2. Structural formula of typical biode-
=2 R=hydrogen Poly(3-hydroxybutyrate) P(4HB) gradable prgg/rl:]r;lrs.ormuao ypical biode
m=3 R=hydrogen Poly(3-hydroxyvalerate) P(5HV)
] ] OH CH20H OH CH20H
8 HO, SNge! O_oH
A{ro\/\/\o)k/\’df = OH oH OH oH
=] of O of ©
o n 8 CH20H OH CH20H OH
<
|
o

o
=\
PBAT

incombustible gas (CO,) are produced, accompanied by liquid and
solid products such as coke and smoke particulates. When the flamma-
ble gas in the cracking stage reaches a certain concentration and the
temperature reaches the ignition point or flash point of the polymer, a
flame begins to appear, which is called ignition, and combustion
ensues. In the burning and spreading phases, the energy released by
combustion and the chain reaction caused by the active free radicals
(HO- and H-) continuously supply combustible fuel to allow the com-
bustion to spread and expand and the flame to progressively
propagate.”’

B. Fire behavior of the carbohydrates

Cellulose and starch are carbohydrates that show a three-stage
response to heating.”” In the first stage, physical dehydration occurs,
and the crystal water completely disappears when heated above

150°C. At temperatures above 250 °C (the beginning of the second
stage), thermal decomposition and chemical dehydration occur. The
cellulose system shows a twofold reaction, i.e. (i) dehydration and car-
bonization producing water, carbon dioxide, and solid residue, and (ii)
depolymerization producing nonvolatile liquid L-glucose, which is fur-
ther cracked to produce low-molecular-weight cracking products and
secondary coke. These two reactions compete with each other
throughout the cleavage process of cellulose.”” In the starch system,
chemical dehydration arises from the condensation reaction between
the hydroxyl groups to form ether bonds, followed by breakage of
C=C groups or rings, and with the breakage of molecular chains as
the temperature continues to increase.”” When the temperature is
above 400 °C (the beginning of the third stage), carbonization and aro-
matization occur, during which large aromatic conjugated rings and
cross-linking of carbon are formed. As a result, cellulose and starch
can both act as carbon sources, releasing carbon dioxide and carbon
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monoxide when exposed to a fire. The inclusion of an acid source pro-
motes their dehydration and carbonization, which inhibits the escape
of combustible gases and exchange of hot oxygen.

Biodegradable polymers, which are chemical polyesters and car-
bohydrates, can be easily burned to produce harmful substances.
Therefore, throughout the last several decades, extensive research has
been dedicated toward the fabrication of a diverse range of FRs, includ-
ing reactive FRs, additive FRs, and fire-retardant coatings, to address
the combustibility of biodegradable polymers. Section IV describes the
fire retardance strategies and techniques used for biodegradable
polymers.

IV. FIRE RETARDANCE OF BIODEGRADABLE
POLYMERS
A. Reactive FRs

Cellulose and PLA are exclusive biodegradable polymers that
exhibit compatibility with reactive FRs. Cellulose is explicitly present
in cotton fabric, cellulose aerogel, microcrystalline cellulose, cellulose
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nanofibrils, and cellulose strands, where cellulose strands include mis-
canthus filaments, flax strands, hemp strands, and lyocell fiber.

Reactive FR agents used to modify cellulosic or PLA-based poly-
mer matrices are divided into Si-,'"*® N-,* and P—con‘[ainingl9“""5l
compounds or their combinations (Table Q). 1194675052

Li et al.'" fabricated a nano-SiO,-based Schiff base FR (SiAPH)
and combined it with tannin (TA) for grafting onto cotton, providing
synergistic fire retardance for cotton fabrics [Fig. 3(a)]. The inclusion
of TA was particularly crucial toward the formation of an expanded
char layer during combustion. SiAPH similarly provided high thermal
stability endowed by nano-SiO, and the cross-linked structure of the
Schiff base, leading to a 41% decrease in the peak of heat release rate
(PHRR) of their modified cotton fabric compared with the unmodified
fabric. Yue et al.*” combined silane and N-containing compounds to
impart fire retardance to cellulose nanofibrils (CNF) by cross-linking
with melamine formaldehyde (MF) and further cross-linking and
surface-decorating with methyltrimethoxysilane [Fig. 3(b)]. The lim-
ited oxygen index (LOI) value of their double cross-linked Si-CNF/MF
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FIG. 3. The preparation processes of typical intrinsic fire-retardant polymers. (a) Reproduced with permission from Li et al., J. Colloid Interface Sci. 618, 462-474 (2022).
Copyright 2022 Elsevier." (b) Reproduced with permission from Yue et al., J. Nat. Fibers 20(1), 2133053 (2023). Copyright 2023 Informa UK Ltd."’ (c) Reproduced with permis-
sion from Mincheva et al., Materials 13(1), 13 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) License.'® (d) Reproduced with permis-
sion from Matos et al., J. Appl. Polym. Sci. 140(34), €54326 (2023). Copyright 2023 John Wiley & Sons.*
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increased from 19.5% to 37.1%, and the UL-94 reached the V-0 scale,
with the PHRR and total heat release (THR) of Si-CNF/MF decreasing
by 50.6% and 64.3% compared with pure CNF aerogel, respectively.
Hence, the combination of silane and N-containing compounds was
more efficient in fire-retarding cellulose than silane alone.

Phosphate is commonly used to achieve the phosphorylation of
PLA and cellulose. For example, a highly efficient fire-retardant PLA
was developed by covalently incorporating 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO)-diamine with 4 wt. % P con-
tent [Fig. 3(c)]. The PHRR and THR of PLA were reduced by 35% and
36%, respectively, thereby attaining a UL-94 V-0 classification. A com-
parison between simple physical DOPO-diamine/PLA blends and
phosphorylated PLA (DOPO-PLA-PU) yielded a superior fire-
retardant behavior of the latter obtained via a reactive pathway.'’
Microcrystalline cellulose was phosphorylated by phytic acid, and the
modified microcrystalline cellulose showed a decrease in PHRR and
THR by 81% and 84%, respectively, at 0.63wt. % P content.**
Regenerated cellulose fibers were modified by phytic acid ammonium
[Fig. 3(d)], and the modified fibers containing 0.60 = 0.21 wt. % P
ignited within the filament and turned to ash after combustion without
dripping or disintegrating.* FR lyocell fibers (FRLF) phosphorylated
by an ionic liquid-1,3-dimethyl imidazolium methyl phosphite with
<1.0wt. % P content exhibited excellent fire retardance, with 51%
decrease in the PHRR compared with pure Iyocell fibers (LF).”’ These
studies strongly indicate a close correlation between the fire retardance
of cellulose and P content, consistent with previous reports.”””"
However, Hajj et al.”' highlighted the importance of the correlation
between the thermal stability of FRs and the fire retardance of fibers by
grafting different P-containing FRs and demonstrated that the resul-
tant fire retardance were a function of phosphorus content as well as
the thermal stability of the FRs.

The fire retardance enhancement of microfibers beyond the degree
achieved by phosphorylation was investigated by Ren et al.,”> who used
Fe’* or A" as a gel initiator and crosslinker. The microfibers exhibited
a 80% decrease in PHRR, and adequate thermal stability was achieved
because of the abundant phosphate groups in the phosphorylated cellu-
lose nanofibrils as well as cross-linking with metal jons.

Therefore, the chemical modification of PLA and cellulose by Si-,
N-, and P-containing compounds is effective for achieving significant

REVIEW pubs.aip.org/aip/are

fire retardance at high concentrations of fire-retardant elements or
thermal-stability modifiers or via cross-linking. In addition, reactive
FRs often show higher and longer-term fire-retardant efficiency than
their additive counterparts, as the additive FRs readily migrate from
the matrix because of their incompatibility with the matrix, thus mod-
erating the fire retardance and even causing a deterioration in other
key properties of the polymer matrix. However, the preparation of
intrinsic FRs is complicated, making them difficult to mass produce.

B. Additive FRs

1. Inorganic FRs (loading, particle size, component, and
morphology)

Inorganic FRs are single phases or compounds containing intrin-
sic fire-retardant components that physically disperse in polymer
matrices and provide flame retardance in the gas or condensed phase
through resultant chemical or physical changes. However, it is difficult
to balance the fire retardance and mechanical properties of fire-
retardant polymer matrices, especially at high loadings of inorganic
FRs. Furthermore, fire retardance is specific to each FR/matrix combi-
nation. Therefore, it is imperative to gain a thorough understanding of
inorganic FRs to enhance their efficiency. This section discusses the
fire retardance imparted by inorganic FRs as a function of loading, par-
ticle size, component, and morphology, with comparisons of fire-
retardant efficiency presented in Fig. 4 and Table SIL”>***>7/

a. Loading. The loading of inorganic FRs has a huge influence on
the fire retardance of the matrices. Commonly, an increasing loading
leads to increased fire retardance, realized through an improved LOI,
UL-94 rating, and decreased PHRR and THR values. For example, Tang
et al.”” introduced calcium hypophosphite (CaHP) into PLA to develop
fire-retardant polylactide composites (FR-PLA). An increase in the load-
ing of CaHP from 0 to 30 wt. % led to an increase in the LOI value from
19.5% to 26.5%, an increase in the UL-94 rating from NR to V-0, and a
decrease in the PHRR from 549 to 263 kW m 2. However, the mechani-
cal properties, ie., tensile strength and elongation, decreased by 36.1%
and 63.0%, respectively, compared with neat PLA. Therefore, an appro-
priate level of FR loading is crucial for achieving a balance between fire
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FIG. 4. APHRR values of fire-retardant polymers vs the required loading of inorganic FRs for achieving the UL-94 V-0 rating as a function of (a) particle size, (b) component,
and (c) morphology. APHRR represents the PHRR reduction of fire-retardant polymers relative to the matrices.
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b. Particle size. The size of inorganic particles is critical in dictat-
ing the degree of fire retardance to the matrix, where nanofillers
(<100 nm) exhibit a higher fire retardance at relatively low loadings,
whereas microparticle additives (>100nm) require considerably
higher loading levels to achieve a similar performance [Fig. 4(a)]. This
may be due to the large surface area of nanoscale materials compared
with microscale materials, resulting in a higher surface contact area
with the polymer matrix. The greatest property improvement can be
achieved when the nanoparticles are thoroughly and uniformly dis-
persed and exhibit a strong affinity toward the polymer matrix. For
example, Fan et al” fabricated cellulose/graphene composite films
using a coagulation bath and controlled drying, and the films resem-
bled a stacked laminated structure. The flammability of cellulose was
confirmed through reduced PHRR (by 72.7%) and increased LOI val-
ues to 38% at 6.0 wt. % of graphene, which contributed to the develop-
ment of a thermal insulation layer on the surface of the burning
substrate during combustion. Other nanoFRs, such as halloysite nano-
tubes (HNT),” carbon nanotubes,”” AI(OH);,”" and ZrO,,"” also par-
ticipate in the thermal degradation of PHBV, PBS, and PLA. These
nanoFRs realize heat absorption, thermal insulation, and catalytic car-
bonization, which improve the fire resistance of the polymer matrices.
However, microparticles such as ammonium polyphosphate (APP),”®
CaHP,” and aluminum hypophosphite (AIHP)°” are still the most fre-
quently used FRs despite their lower efficiency than nanofillers. This
ongoing trend is attributed to the higher cost and low price and perfor-
mance ratio of nanofillers, which are further limited by current nano-
technology. Overall, nanoscale FRs are more effective than their
microscale counterparts in fire-retardant performance.

c. Component. Polymers with a single inorganic FR often fail to
achieve satisfactory fire retardance due to their limited fire-retardant
efficiency; therefore, two or three inorganic fillers are often combined
to achieve synergistic fire retardance with the substrate. It can be
observed from Fig. 4(b) that overall, FRs comprising two or three com-
ponents are more effective than single-component FR in moderating
PHRR values. For example, Wang et al.”° reported the nucleation and
growth of 2D «-ZrP within reduced graphene oxide (RGO) interlayers
for synthesizing multilayer o-ZrP-RGO nanoplates and incorporating
them into cellulose nanofibers to fabricate hierarchical nanocellulose
composites. Compared with cellulose nanofibers with only a-ZrP or
RGO, the PHRR, peak smoke release rate (PSRR), and peak CO produc-
tion rate of nanocellulose composites decreased because of the synergetic

= Small molecule

® Linear polymer
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fire-retardant efficiency of o-ZrP-RGO in both the gas and condensed
phases. The fire retardance of the resulting polymer matrices is hence a
delicate balance of combination between the inorganic compounds,
such as in situ synthesis, doping, coating, and intercalation.

d. Morphology. The morphology of inorganic FRs can be divided
into 0-dimensional particles [APP, aluminum hypophosphite (AHP),
zinc borate (ZB), and ZrO,], 1-dimensional tubes [halloysite nanotube
(HNT), carbon nanotube (CNT), and ammonium molybdate (AM)]
and 2-dimensional lamellae [expanded graphite (EG), graphene, C;N,,
and MoS,]. From Fig. 4(c), 2D lamellas show relatively higher fire
retardance (decreasing PHRR) than 0-dimensional particles and 1-
dimensional tubes. It is obvious that lamellae with multiple layers act
as physical barriers that inhibit the transmittance and exchange of heat
and oxygen. For example, multilayer o-ZrP-RGO nanoplates
obstructed the permeation of heat radiation and oxygen molecules and
inhibited the release of flammable pyrolysis products as well as toxic
CO, which caused 75.1%, 71.4%, and 54.6% reductions in the PHRR,
PSRR, and peak CO production rate of cellulose nanofibers,
respectively.”®

2. Organic FRs (small molecules, linear polymers, and
nonlinear polymers)

In recent years, researchers have focused on developing fire-
retardant additives that contain phosphorus, nitrogen, and/or silicon.
In terms of chemical structure, organic FRs can be divided into synthe-
sized (i) small molecules, (ii) linear polymers, and (iii) nonlinear poly-
mers. A comparison of the performance, specific structures, and

detailed information of organic FRs are listed in Figs. 5, 6, and Table
SIII.15,1'1,1&3‘),7‘)7121

a. Small molecules. Small molecules, such as phosphoric acid,
phosphate, DOPO derivative, and phosphoramide, are synthesized
using a diverse range of methods and are used as effective FRs for PBS,
cellulose, and PLA. It can be observed from Fig. 5(a) that the range of
LOI values for polymers fire retarded by small molecules is broad, with
the LOI value increased by 21%-240% at loading of 0.7-40 wt. % FRs.
Among these small molecules, the fire-retardant efficiency of phos-
phoramide is relatively higher (Table SIII), as the V-0 rating can
be achieved when the loading is below 5wt. %, and the LOI values
of the composites are within 28.5%-32.5%."" ”*”*'% In addition,

= Nonlinear polymer

(b)

80/
S 60,
&

40/
& S~
20|

0- v

g N
=

0 5 10 15 20 25 30 0 5 10
Loading (wt%)

15 20 25 30 0 5 10 15 20 25 30
Loading (wt%)

Loading (wt%)

FIG. 5. (a) ALOI, (b) APHRR, and (c) ATHR values of fire-retardant polymers vs the required loading of organic FRs for achieving the UL-94 V-0 rating. ALOI and ATHR
respectively represent the LOI increase and THR reduction of fire-retardant polymers relative to matrices.
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FIG. 6. Typical synthesized organic FRs. Clockwise from bottom left: Image 1, Reproduced with permission from Niu et al., Polymers 12(10), 2407 (2020). Copyright 2020
Authors, licensed under a Creative Commons Attribution (CC BY) License. * Image 2, Reproduced with permission from Chen et al., J. Appl. Polym. Sci. 134(133, 8 (2017).
Copyright 2017 John Wiley & Sons.'*' Image 3, Reproduced with permission from Xia et al., J. Anal. Appl. Pyrol. 134, 265-273 (2018). Cogyright 2018 Elsevier.”' Image 4,
Reproduced with permission from Long et al., Ind. Eng. Chem. Res. 55(40), 10803-10812 (2016). Copyright 2016 American Chemical Society.”" Image 5, Reproduced with per-
mission from Wang et al., J. Therm. Anal. Calorim. 145, 331-343 (2021). Copyright 2021 Springer.*® Image 6, Reproduced with permission from Sun et al., Chem. Eng. J. 369,
150-160 (2019). Copyright 2019 Elsevier.”” Image 7, Reproduced with permission from Wang et al., Polym. Test 78, 105940 (2019). Copyright 2019 Elsevier.” Image 8,
Reproduced with permission from Liu et al., Composites, Part A 160, 107028 (2022). Copyright 2022 Elsevier."* Image 9, Reproduced with permission from Feng et al., J.
Mater. Sci. Technol. 160, 86-95 (2023). Copyright 2023 Elsevier.”* Image 10, Reproduced with permission from Feng et al., Chem. Eng. J. 431, 134259 (2022). Copyright
2022 Elsevier.'” Image 11, Reproduced with permission from Xue et al., Composites, Part A 144, 106317 (2021). Copyright 2021 Elsevier."* Image 12, Reproduced with per-
mission from Xu et al., Int. J. Biol. Macromol. 232, 123345 (2023). Copyright 2023 Elsevier.'"® Image 13, Reproduced with permission from Li et al., Polym. Degrad. Stab. 110,

104-112 (2014). Copyright 2014 Elsevier.""®

phosphoramides also show good performance in the reduction of heat
release values, e.g., Tawiah et al’® synthesized a cyclophosphorus-
nitrogen FR-hexaphenyl [nitrilotris(ethane-2,1-diyl)]tris(phosphora-
midate) (HNETP) for PLA. The PHRR, THR, and CO production are
reduced by 51.3%, 43.1%, and 46.5%, respectively, with only 3 wt. %
HNETP loading. As shown in Figs. 5(a)-5(c), small molecules have no
advantage in fire-retarding degradable polymers because they endow
efficient fire retardance to the matrices at relatively higher loadings.
In addition, additive FRs of small molecules are inclined to migrate
out from polymer matrices, leading to decreased fire retardance of
materials over time.'”

b. Linear polymers. Linear polymers including polyphosphonate
and polyphosphoramide exhibit much higher fire-retardant efficiency
in the biodegradable matrix than the other two types of organic FRs,
where lower loading is required for achieving UL-94 V-0 rating
and higher values of LOI increase, and PHRR/THR decreases [Figs.
5(a)-5(c)]. The performance of linear polymers highly depends on
their phosphorous content and compatibility with the polymer matrix.
Our group has fabricated a series of molecularly tailored polyphos-
phoramides (PPDA-x) with varied chemical structures (e.g., different
lengths of repeating units) and compositions (e.g., phosphorus con-
tents) and investigated their structure-property correlation with PLA.
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The results showed that the LOI values of the resultant PLA com-
posites were directly proportional to the phosphorous content but
inversely proportional to the interfacial tension. Because of the bal-
anced interfacial tension and phosphorous content, the addition of
only 1.0 wt. % PPDA-8 led to a UL-94 V-0 rating, and an LOI value
0f26.8%.""

c. Nonlinear polymers. The performance of nonlinear polymers,
which comprise phosphonitriles and branched polymers, is common,
i, the higher the loading, the better the fire retardance [Figs. 5(a)-5(c)].
When 6wt. % phosphonitrile was incorporated into PLA, the fire
retardance was improved, with the LOI value reaching 26.7% and the
PHRR and THR values dropping by only 1.9% and 1.3%, respec-
tively.''” When 25wt. % cyclotriphosphazene (HABP-DOPO) was
added to PLA, the LOI value reached 28.5% and UL-94 passed V-0. In
addition, the PHRR and THR values of PLA/HABP-DOPO blends
were reduced considerably by 19.4% and 40.5%, compared with pure
PLA.lZU

Linear polymers are superior to small molecules and nonlinear
polymers in fire-retardant biodegradable materials. These three types
of FRs have varying effects on the fire retardance of degradable poly-
mers, and in-depth studies are still scarce to comprehend their under-
lying mechanisms that determine the level of fire retardance.

3. Inorganic-organic FRs (physical blending,
encapsulation, grafting, and intercalation)

Inorganic-organic FRs are commonly added to biodegradable
polymers because of the high-efficient fire retardance driven by the
synergy between organic and inorganic compounds. Inorganic-
organic FRs hybrids are produced using physical blending, encapsula-
tion, grafting, or intercalation. These processing methods enable the
creation of improved inorganic filler/matrix compatibility, which can
significantly increase the fire retardance of inorganic FRs. The compar-
isons of fire-retardant efficiency among the above four processing
methods are presented in Fig. 7 and Table SIV,'”'"*>'**"**" and typi-
cal examples of inorganic-organic FRs are shown in Fig. 8.
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a. Physical blending. Physical blending is a common method for
fabricating inorganic—organic FRs, which is a facile technique possess-
ing a high potential for commercial adoption. The effectiveness of
inorganic-organic FRs produced using physical blending can be highly
divergent and unpredictable. As shown in Fig. 7, the loading required
to achieve an UL-94 V-0 rating ranges from 2.12 to 30 wt. %, and the
increased LOI and decreased PHRR values ranges between 18.5% and
148.4% and 2.3%-88.8%, respectively. This significant difference
depends on the compatibility between FRs and the matrices, the syner-
gistic effect of the components, and the inherent fire retardance of the
components. For example, Feng et al'*’ added modified highly
ordered mesoporous silica (SiO,) with phosphotungstic acid (PWA)
(PWA-SiO,) into PLA by melt blending in association with an intu-
mescent flame retardant (IFR). The presence of 19.0wt. % IFR and
1.0wt. % PWA-SIO, increased the LOI of PLA by 184.4% and
decreased the PHRR by 70.7% while obtaining an UL-94 V-0 rating.
PWA-SiO, exhibited a catalytic effect in conjunction with an IFR in
the condensed phase by promoting the formation of continuous dense
char layer and in the gas phase by releasing non-flammable gases. In
another study,'** a new IFR system was formed by APP and a hyper-
branched charring agent. The PHRR of PLA dramatically decreased by
88.8% when loaded with 20 wt. % IFR/AHP, which was attributed to
the formation of an intumescent, compact, and strong char layer dur-
ing the degradation. The formation of this char layer led to increased
fire retardance and controlled dripping than using IFR or AHP alone.
Therefore, the physical blending of IFR is an effective method to
enhance the fire retardance of biodegradable polymers.

b. Encapsulation. Encapsulation of inorganic particles within
organic chains is often utilized to improve the water resistance of inor-
ganic FRs, and to optimize the compatibility between inorganic FRs
and polymer matrices to enhance the fire retardance of inorganic FRs
such as APP, aluminum hydroxide (ATH), and ZnO. Yue et al. 199 fab-
ricated a core-shell structure of microencapsulated APP with cross-
linked f-cyclodextrin as the shell (MFAPP-CD). They reported 77.4%
and 76.9% decreases in PHRR and THR values of PBAT/25MFAPP-
CD compared to neat PBAT, and a 33.2% LOI and UL-94 V-0 rating.
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FIG. 7. Inorganic-organic blending effects on fire retardance. (a) ALOI and (b) APHRR values of fire-retardant polymers vs loading of inorganic-organic FRs for achieving the

UL-94 V-0 rating.
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Hajibeygi et al., Polym. Adv. Technol. 30(9), 2233-2249 (2019). Copyright 2019 John Wiley & Sons.”' Image 2, Reproduced with permission from Zhou et al., Polym. Degrad.
Stab. 178, 109194 (2020). Copyright 2020 Elsevier.”'” Image 3, Reproduced with permission from Shi et al., J. Colloid Interface Sci. 524, 267-278 (2018). Copyright 2018
Elsevier.”** Image 4, Reproduced with permission from Jia et al., Composites, Part B 197, 108192 (2020). Copyright 2020 Elsevier.'®® Image 5, Reproduced with permission
from Guan et al., Polym. Adv. Technol. 28(11), 1409-1417 (2017). Copyright 2017 John Wiley & Sons.'*® Image 6, Reproduced with permission from Gong et al., Polym. Adv.
Technol. 32(4), 1548-1559 (2020). Copyright 2020 John Wiley & Sons.'*” Image 7, Reproduced with permission from Liu ef al., RSC Adv. 8(8), 44834493 (2018). Copyright
2018 Royal Society of Chemistry.*” Image 8, Reproduced with permission from Zhang et al., ACS Sustainable Chem. Eng. 8(16), 6402-6412 (2020). Copyright 2020
American Chemical Society.”” Image 9, Reproduced with permission from Jin et al., Composites, Part A 124, 10 (2019). Copyright 2019 Elsevier.””> Image 10, Reproduced
with permission from Ran et al., Composites, Part B 173, 11 (2019). Copyright 2019 Elsevier.”” Image 11, Reproduced with permission from Zhang et al., Composites, Part A
115, 215-227 (2018). Copyright 2018 Elsevier." Image 12, Reproduced with permission from Xue et al., Chem. Eng. J. 397, 125336 (2020). Copyright 2020 Elsevier.'* Image
13, Reproduced with permission from Zhang et al., Polym. Degrad. Stab. 147, 142-150 (2018). Copyright 2018 Elsevier.”**

These improvements were realized because of an effective core-shell LOI value of their PLA nanocomposites with 30 wt. % RDP-coated
structure that enhanced char forming and reduced emission of vola- ATP was 24.5%, and a V-0 rating was attained. They attributed the
tiles during combustion. Ju et al”'' coated nano-attapulgite (ATP) improvements to the robust compact chars composed of P-O-P, aro-

with fire-retardant resorcinol bis(diphenyl phosphate) (RDP), and the matic rings, and Si-O-Si. As illustrated in Fig. 7, inorganic-organic
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FRs fabricated through encapsulation necessarily do not possess a
competitive advantage in fire retardance because the levels of increased
LOI and decreased PHRR are moderate. However, encapsulation is
nevertheless effective for preparing inorganic—organic FRs to preclude
FR migration and to improve compatibility between inorganic FRs
and matrices, which in turn aid the simultaneous enhancement of fire
retardance and mechanical properties of polymer matrices.

c. Grafting. Grafting is achieved by introducing organic chains
onto the surface of inorganic substances. For example, to create a
matrix/sepiolite (SEP) interphase to improve nanocomposite proper-
ties, SEP was surface-modified by grafting with DOPO via condensa-
tion between amino groups and salicylaldehyde with a grafting ratio of
12.8%. PLA containing 10 wt. % SEP-DOPO showed improved disper-
sion compared with a mixture of 10wt. % DOPO/SEP in a PLA
matrix, with an LOI of 31.5% and an UL-94 V-0 rating. Moreover, the
PHRR of PLA was reduced by 40.7% with a loading of 10 wt. % SEP-
DOPO.”*” Other inorganic fillers such as hydroxyapatite (HA),”"”
graphene oxide (GO),”' and ATH™* were grafted by fire-retardant
hexadecyl trimethyl ammonium bromide (CTAB), phosphorus-based
organic additive (PDA), 10-(2,5-dihydroxyl phenyl)-9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DOPO-HQ), and benzene
phosphinic acid (BPA), respectively, to address the agglomeration of
inorganic fillers in polymer matrices and the inadequate fire retardance
of single inorganic fillers. Compared to the ALOI and APHRR in
Figs. 7(a) and 7(b), FRs fabricated via grafting are efficient in reducing
PHRR values, showing higher PHRR values at relatively low loadings.

d. Intercalation. Intercalation is accomplished by introducing
organic chains into the inner layer of inorganic lamellae rather than
on the surface, to increase the interlayer space and to improve the
dispersion of inorganic FRs. Inorganic lamellas are usually layered

REVIEW pubs.aip.org/aip/are

two-dimensional materials, e.g., MXene,"” GO,”” MMT,”" and
LDH.”” > In our previous research, a novel MXene-phenyl phos-
phonic diaminohexane (MXene-PPDA) nanohybrid was fabricated via
the intercalation of PPDA into the MXene interlayer. The MXene nano-
sheet interlayer spacing was enlarged when as-prepared MXene-PPDA
was dispersed homogeneously in the PLA matrix, leading to the UL-94
V-0 rating, and a ~22.2% reduction in the PHRR."

Comparing the ALOI and APHRR values by intercalation with
the other three methods, FRs fabricated via intercalation are more effi-
cient. At a constant loading, the ALOI and APHRR values of interca-
lation are higher than those achieved via physical blending,
encapsulation, or grafting, because the 2D inorganic lamellas used as
intercalating matrices can serve as effective physical barriers, and ulti-
mately leading to higher efficiency compared to 0D/1D particles.

C. Fire-retardant coatings

Fire-retardant coating is an alternative to reactive and additive
FRs for endowing polymers with fire retardance. Fire-retardant coat-
ings work by insulating the substrate from the heat source and pre-
venting or retarding combustion. Throughout all references of fire-
retardant biodegradable polymers in the last decade, only cellulose
materials, in the form of aerogel, fiber, paper, and fabric, were coated
with various fire-retardant coatings and exhibited substantial improve-
ments in fire retardance, with detailed results shown in Table SV and
Flg 9'2(),21,238 243

Kokliikaya et al.”*® coated a nanofibril (CNF) aerogel with cat-
ionic chitosan (Ch), anionic poly(vinylphosphonic acid) (PVPA), and
anionic montmorillonite clay (MMT) using a rapid layer-by-layer
technique [Fig. 9(a)], where the coating acted as an IFR. The CNF
aerogels treated with quadlayers were able to withstand the penetration
of a butane flame torch, with a 79.2% decrease in the PHRR compared
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FIG. 9. The preparation processes of biodegradable polymers with fire-retardant coatings via dn‘ferent methods. (a) Reproduced with permission from Koklikaya et al., ACS
Appl. Mater. Interfaces 9(34), 29082-29092 (2017). Copyright 2017 American Chemical Society.”** (b) Reproduced with permission from Safdar et al., Mater Chem Phys. 311,
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to untreated CNF aerogel. The impressive fire retardance was attrib-
uted to the combined effect of MMT, PVPA, and Ch, which favored
char formation and reduced the release of flammable volatiles.

Cellulosic papers were coated by various combinations of inor-
ganic-organic and organic-organic FRs,”” **' and a coating consist-
ing of nanoclay and microfibrillated cellulose binders showed the best
fire retardance, with the PHRR and THR decreased by 95.5% and
95.8%, respectively, compared with the uncoated control. The
improved fire retardance was driven by the formation of a protective
char layer during the degradation of the surface coating.”*’

Cellulosic fabrics were coated with different synthesized
P-containing compounds using electrostatic force or covalent bond-
ing”"*"***** For example, Safdar et al.”' developed a robust fire-
retardant coating for cellulosic fabric using phytic acid in combination
with [3-(2-aminoethylamino)-propyl]trimethoxysilane (AAPTMS),
and application of an electrostatic force. This phosphorous and silica-
rich hybrid system was coated onto the fiber surface to render durable
fire-retardant properties that increased the LOI value by 63.2%
[Fig. 9(b)]. Zhang et al”’ prepared multi-amino phosphoramides
(BPEI/DPn) and coated them on cotton fabric bridging with 1,2,3,4-
butanetetracarboxylic acid (BTCA) [Fig. 9(c)]. They found that BPEI/
DP4 (molar ratio of BPELDP = 1:4)-coated cotton fabric presented
superior fire retardance with self-extinguishing and LOI value of
27.9%, with PHRR and THR values decreased by 35.0% and 24.6%,
compared with the unmodified cotton.

Therefore, fire-retardant coatings fabricated by various types of
FRs, their combinations, or using most optimal processing and appli-
cation methods can provide effective fire retardance to cellulose sub-
strates. Importantly, physical, or chemical interactions between the
coating and the matrix are beneficial for improving the efficiency and
durability of such fire-retardant coatings.

V. FIRE-RETARDANT MECHANISMS AND THE
INFLUENCING FACTORS OF FIRE RETARDANCE

Fire-retardant mechanisms exhibited by the FRs discussed in
Secs. IV A-TV C of this review are elucidated in this section. For three
types of FRs, i.e,, intrinsic FRs, additive FRs, and fire-retardant coat-
ings, their fire-retardant efficiency is influenced by a range of factors,
with detailed information shown in Fig. 10 as follows.

A. Mechanism of reactive FRs

For reactive FRs, individual fire-retarding elements (Si, N, and P)
have a unique impact on the fire retardance in the resulting polymer
form. The fire-retardant mechanism of silicone FRs is realized in the
condensed phase by producing a cracked char layer and improving its
oxidation resistance to protect the polymer matrix. N-containing FRs
react with oxygen to produce oxynitride, which can absorb heat during
combustion and lower the combustion temperature, in addition to
diluting the concentration of combustion gas, and reducing the volume
of smoke. Therefore, Si-containing FRs act mainly in the condensed
phase, whereas N-containing FRs act in the gas phase, and their com-
bination works effectively across condensed and gas phases, which is
preferable than using a Si- or N-containing FR alone.

P-containing FRs are widely recognized because of their high effi-
ciency in the condensed and gas phases. In the condensed phase,
P-containing radicals are derived from the decomposition of
P-containing FRs, which can capture O, H, and OH free radicals that
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FIG. 10. Influencing factors of fire retardance for biodegradable polymers.

can interrupt the chain reaction and retard the combustion process. In
the condensed phase, P-containing FRs decompose into phosphates or
polyphosphates to dehydrate the polymer matrix, and P-containing
compounds as cross-linking agents lead to the cyclization, cross-
linking, aromatization, and graphitization of the matrix to form a
dense char layer, which can effectively slow down the rate of heat
transfer and protect the underlying material from combustion. The
efficiency of P-containing compounds highly depends on the total
phosphorous content in the polymer.

B. Mechanism of the additive FRs

The fire-retardant performance of additive FRs is elucidated sepa-
rately from inorganic FRs, organic FRs, and inorganic-organic FRs
because of the distinct physical and chemical properties of FRs.

1. Inorganic FR mechanism

Endothermic and catalytic carbonization effects of inorganic
compounds are the main fire-retardant mechanism during combus-
tion within polymer matrices. However, the fire retardance greatly
depends on the loading, particle size, morphology, and components of
the inorganic FRs. Theoretically speaking, the higher the loading of
FRs, the better the fire retardance of the polymer matrix. However, it
does not translate into a higher efficiency, as aggregation of inorganic
particles may occur at higher loadings, which can also deteriorate the
mechanical properties of the polymer matrix. FRs in nanoscale, two-
dimensional, and multiple components show outstanding fire retard-
ance, which is because of the following reasons. (1) Nanoscaled FRs
with large surface areas can fulfill a more significant function at lower
loadings provided that the FRs are well dispersed within the polymer
matrix. (2) In addition to the heat absorption ability and catalytic car-
bonization of inorganic FRs, two-dimensional FRs with multiple layers
can serve as effective physical barriers to block the delivery of heat and
oxygen. (3) Inorganic FRs with two or three components can exhibit
fire-retardant synergism and enhance the dispersion of inorganic
particles.
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2. Organic FR mechanism

Organic FRs are usually synthesized through reactions between
P- and N-containing compounds, which can lead to fire-retardant
effects across the condensed and gas phases. Therefore, the fire-
retardance mechanism of organic FRs is similar to that of intrinsic
FRs. Among the three types of organic FRs, linear polymers exhibit a
superior fire-retardant effect on degradable polymers than small mole-
cules and nonlinear polymers. As most degradable polymers studied in
this study are linear polymers, which have superior compatibility with
linear polymer FRs, small molecules or nonlinear polymers are more
likely to be used as fillers or plasticizers. The exact, in-depth mecha-
nism of the higher efficiency of linear polymers compared with small
molecules and nonlinear polymers requires further investigation.

3. Inorganic-organic FR mechanism

Inorganic-organic FRs are clearly the high performers of syner-
gism and address the challenge of poor compatibility of inorganic fill-
ers with polymer matrices. Therefore, the fire-retardant mechanism of
inorganic-organic FRs is a combination of the inorganic and organic
FR mechanisms discussed. The processing route of inorganic and
organic FR hybrids, including physical blending, encapsulation, graft-
ing, and intercalation, can directly determine the dispersion condition
of inorganic substances and the fire retardance of inorganic—organic
FRs. Although physical blending of inorganic—organic FRs is the most
convenient method especially for mass production scalability, the reli-
ability of the resultant fire retardance is often questionable.
Encapsulation, grafting, and intercalation of inorganic compounds by
organic chains are all effective methods to improve the hydrophobicity
of inorganic particles and their compatibility with the matrix. Among
these three methods, FRs prepared by intercalation show the most
desirable range of fire-retardant performance, which is largely because
of their 2D-nanosheet-driven mechanistic effectiveness toward retard-
ing fire.

C. Mechanism of fire-retardant coatings

In addition to the type of FRs, the efficacy of fire-retardant coat-
ings depends more on the application methods and interactions
between the coating and the matrix. When the surface of polymer
matrix is coated by a fire-retardant coating via physical or chemical
interaction, the durability of the coating can be maintained along with
the fire retardance.

In short, the fire retardance of fire-retarded biodegradable poly-
mers is influenced by: First, the element type of FR can directly affect
the mode of fire-retardant action in both the condensed and gas
phases. Second, the elemental loading of FR is proportional to the fire-
retardant properties in the matrices. Then, the dispersion and compati-
bility of FR in/with the matrix are two crucial factors that can influence
the fire-retardant efficiency and overall range of matrix properties.
Finally, the combination of multiple FRs leads to a range of synergistic
roles in fire retardance, making up for deficiencies in individual FRs.
Therefore, nanosheets intercalated by organic chains with high phos-
phorous content, if combined with well-chosen FRs, can confer better
fire retardance for the biodegradable polymers. This strategy can also
be applied to other polymer materials.

pubs.aip.org/aip/are

VI. EFFECT OF FRS ON OTHER PROPERTIES OF
BIODEGRADABLE POLYMERS

Except fire retardance, FRs in various types exert different effects
on other properties of the polymer matrices, such as crystallization,
durability, and mechanical properties.

For example, intrinsic FRs grafting into the main chain of the bio-
degradable polymers have the ability to increase the mechanical prop-
erties (such as strength, modulus, and strain) of the matrices as well as
endowing extra properties, e.g., antibacterial and antioxidant activity,
biocompatibility, and thermal insulation to the synthesized polymer
matrices (Table SI). Fire-retardant coatings acting as protective layers
can bring antibacterial activity, writability and washing durability to
the polymer matrix, which help to expand the practical applications of
fire-retardant degradable polymers (Table SV).

The constant concern of the additive FRs is the contradiction
between the fire retardance and mechanical properties, since the poor
compatibility between the FRs and matrices have negative effect on the
mechanical properties of the resulting fire-retardant composites. As
for inorganic additive FRs, they serve as reinforcing substances in the
polymer matrix, thus leading to increased strength and modulus but
decreased break strain. In addition, due to the specific properties of
inorganic FRs, such as zinc borate, graphene, and carbon nanotube,
they can bring extra properties to the polymer matrix like electromag-
netic shielding and thermal conductivity. Different organic additive
FRs may have totally adverse effect on the mechanical properties of the
matrix, which highly depends on the chemical structure of FRs and the
interfacial interaction between the FRs and matrices. Inorganic-
organic FR is a compensator for inorganic FR since the organic com-
ponent facilitate the dispersion of inorganic fillers in the matrices, thus
avoiding the stress concentration and improving the mechanical prop-
erties of the polymer matrices. Note, the preparation method of inor-
ganic—organic FRs (including physical blending, coating, grafting, and
intercalation) and their applicability to the matrix greatly affect the
final effect (Tables SII-SIV).

According to above brief summary, the effect of FRs on other
properties of biodegradable polymers is diversified and complicated,
which depends highly on the structure of FRs. Since the balance
between the fire retardance and other properties and the exploration
of biodegradable polymers with comprehensive performance is impor-
tant to expand their application fields, the in-depth study on the corre-
lations between the FRs and other properties of biodegradable
polymers is indispensable.

VIil. SUMMARY AND PERSPECTIVES

This review introduces the structures of biodegradable polymers
identified with polymers produced from microbial source, natural pol-
ymers, and synthetic polymers, and summarizes the fire behaviors of
biodegradable polyester and carbohydrate during combustion. The fire
retardance of biodegradable polymers with FRs in the category of reac-
tive FRs, additive FRs, and fire-retardant coatings is reviewed. In par-
ticular, the fire-retardant performance of additive FRs from their
respective chemical and physical properties is evaluated. The fire-
retardant mechanisms and factors influencing fire retardance are also
highlighted. It is concluded that the element type, element loading, dis-
persion, and compatibility of FRs in/with the matrix, and the synergis-
tic effect between several FRs are the key factors that can influence the
fire retardance of biodegradable polymers with FRs. Nanosheets,
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intercalated by organic chains with high-content phosphorus, if com-
bined with well-chosen FRs, can provide superior fire retardance to the
biodegradable polymers. This work provides valuable suggestions for
improving the fire retardance of biodegradable polymers or other gen-
eral polymer materials, which can broaden the practical applications of
biodegradable polymers beyond their current strengths, into high-tech
fields, such as electronics and devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the performance data of bio-
degradable polymers fire-retarded by diverse FRs.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Grant Nos. 32301545, 32371825,
32271819, and 52073246), the China Postdoctoral Foundation
(Grant Nos. 2023M733779 and 2024T171008), and the Australian
Research Council (Grant Nos. FT190100188, LP220100278,
DP230103008, DP240102628, and DP240102728).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Yijiao Xue: Conceptualization (equal); Formal analysis (equal);
Investigation (equal); Methodology (equal); Writing—original draft
(equal). Pingan Song: Conceptualization (equal); Supervision (equal);
Writing—review & editing (equal). Meng Zhang: Conceptualization
(equal); Supervision (equal); Writing—review & editing (equal).
Jiabing Feng: Writing—review & editing (equal). Yan Zhang: Formal
analysis (equal); Methodology (equal); Writing—review & editing
(equal). Venkata Chevali: Writing—review & editing (equal). Fei
Song: Investigation (equal). Zheng Pan: Investigation (equal);
Methodology (equal). Hong Peng: Formal analysis (equal); Writing—
review & editing (equal). Yonghong Zhou: Resources (equal);
Writing—review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES

TR. Hsissou, R. Seghiri, Z. Benzekri, M. Hilali, M. Rafik, and A. Elharfi,
“Polymer composite materials: A comprehensive review,” Compos. Struct.
262, 113640 (2021).

2Y. Ren and Y. Xu, “Recent advances in two-dimensional polymers: Synthesis,
assembly and energy-related applications,” Chem. Soc. Rev. 53, 1823-1869
(2024).

3L. M. Koh and S. M. Khor, “Current state and future prospects of sensors for
evaluating polymer biodegradability and sensors made from biodegradable
polymers: A review,” Anal. Chim. Acta 1217, 339989 (2022).

“D. Puppi and F. Chiellini, “Biodegradable polymers for biomedical additive
manufacturing,” Appl. Mater. Today 20, 100700 (2020).

5S. Jung, “Biomacromolecules, biobased and biodegradable polymers,”
Polymers 12(10), 2386 (2020).

REVIEW pubs.aip.org/aip/are

D. Chouhan and P. Mandal, “Applications of chitosan and chitosan based
metallic nanoparticles in agrosciences—A review,” Int. J. Biol. Macromol.
166, 1554-1569 (2021).

7]. Liao, Y. Zhou, X. Zhao, B. Hou, J. Zhang, and H. Huang, “Chitin micro-
spheres: From fabrication to applications,” Carbohydr. Polym. 329, 121773
(2024).

8X. He, W. Lu, C. Sun, H. Khalesi, A. Mata, R. Andaleeb, and Y. Fang,
“Cellulose and cellulose derivatives: Different colloidal states and food-related
applications,” Carbohydr. Polym. 255, 117334 (2021).

Y. Xue, J. Feng, Z. Ma, L. Liu, Y. Zhang, J. Dai, Z. Xu, S. Bourbigot, H. Wang,
and P. Song, “Advances and challenges in eco-benign fire-retardant polylac-
tide,” Mater. Today Phys. 21, 100568 (2021).

19]. Liu, X. He, F. Wang, X. Zhou, and G. Li, “Dielectric and mechanical proper-
ties of polycaprolactone/nano-barium titanate piezoelectric composites,”
Plast., Rubber Compos. 50(6), 299-306 (2021).

"IN. Li, G. Kang, H. Liu, W. Qiu, Q. Wang, L. Liu, X. Wang, J. Yu, F. Li, and D.
Wu, “Fabrication of eco-friendly and efficient flame retardant modified cellu-
lose with antibacterial property,” J. Colloid Interface Sci. 618, 462-474 (2022).

2y, Xue, J. Feng, S. Huo, P. Song, B. Yu, L. Liu, and H. Wang,

“Polyphosphoramide-intercalated MXene for simultaneously enhancing ther-
mal stability, flame retardancy and mechanical properties of polylactide,”
Chem. Eng. J. 397, 125336 (2020).

3Y. Xue, Z. Ma, X. Xu, M. Shen, G. Huang, S. Bourbigot, X. Liu, and P. Song,
“Mechanically robust and flame-retardant polylactide composites based on
molecularly-engineered polyphosphoramides,” Composites, Part A 144,
106317 (2021).

%Y. Xue, M. Shen, Y. Zheng, W. Tao, Y. Han, W. Li, P. Song, and H. Wang,
“One-pot scalable fabrication of an oligomeric phosphoramide towards high-
performance flame retardant polylactic acid with a submicron-grained struc-
ture,” Composites, Part B 183, 107695 (2020).

'3Y. Xue, T. Zhang, L. Tian, J. Feng, F. Song, Z. Pan, G. Huang, M. Zhang, Y.
Zhou, and P. Song, “How the chemical structure of phosphoramides affect the
fire retardancy and mechanical properties of polylactide?,” Int. J. Biol.
Macromol. 265, 130790 (2024).

'6Y. Xue, T. Zhang, L. Tian, J. Feng, F. Song, Z. Pan, M. Zhang, Y. Zhou, and P.
Song, “A molecularly engineered bioderived polyphosphonate containing
Schiff base towards fire-retardant PLA with enhanced crystallinity and
mechanical properties,” Chem. Eng. . 472, 144986 (2023).

7C. Hu, S. Bourbigot, T. Delaunay, M. Collinet, S. Marcille, and G. Fontaine,
“Synthesis of isosorbide based flame retardants: Application for polybutylene
succinate,” Polym. Degrad. Stab. 164, 9-17 (2019).

'8].. Zhang, Q. Zhang, W. Cao, Z. Guo, Z. Fang, J. Li, and P. Chen, “Ultra-high
flame-retardant efficiency of phosphorous-silicon hybrid microsphere in poly
(butylene adipate-co-terephthalate),” Composites, Part B 263, 110861 (2023).

'9R. Mincheva, H. Guemiza, C. Hidan, S. Moins, O. Coulembsier, P. Dubois, and
F. Laoutid, “Development of inherently flame-retardant phosphorylated PLA
by combination of ring-opening polymerization and reactive extrusion,”
Materials 13(1), 13 (2020).

20C, Zhang, C. Zhang, Z. Jiang, and P. Zhu, “Design and preparation of flame-
retardant cellulose fabric with low strength loss using polycarboxylic acid as
crosslinker,” Ind. Crops Prod. 180, 114738 (2022).

215 Safdar, M. Ashraf, A. Abid, A. Javid, and K. Igbal, “Eco-friendly, efficient
and durable flame retardant coating for cotton fabrics using phytic acid/silane
hybrid sol,” Mater. Chem. Phys. 311, 128568 (2024).

2ZM. N. A. M. Taib, P. Antov, V. Savov, W. Fatriasari, E. W. Madyaratri, R.
Wirawan, L. M. Osvaldova, L. S. Hua, M. A. A. Ghani, S. S. A. O. A. Edrus, L.
W. Chen, D. Trache, and M. H. Hussin, “Current progress of biopolymer-
based flame retardant,” Polym. Degrad. Stab. 205, 110153 (2022).

237, Kovacevié, S. Flincec Grgac, and S. Bischof, “Progress in biodegradable
flame retardant nano-biocomposites,” Polymers 13, 741 (2021).

24D, Jayanth, P. S. Kumar, G. C. Nayak, J. . Kumar, S. K. Pal, and R. Rajasekar,
“A review on biodegradable polymeric materials striving towards the attain-
ment of green environment,” J. Polym. Environ. 26(2), 838-865 (2018).

25M. Nofar, D. Sacligil, P. J. Carreau, M. R. Kamal, and M. C. Heuzey, “Poly
(lactic acid) blends: Processing, properties and applications,” Int. J. Biol.
Macromol. 125, 307-360 (2019).

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-14

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.60893/figshare.apr.c.7371778
https://doi.org/10.60893/figshare.apr.c.7371778
https://doi.org/10.1016/j.compstruct.2021.113640
https://doi.org/10.1039/D3CS00782K
https://doi.org/10.1016/j.aca.2022.339989
https://doi.org/10.1016/j.apmt.2020.100700
https://doi.org/10.1016/j.ijbiomac.2020.11.035
https://doi.org/10.1016/j.ijbiomac.2020.11.035
https://doi.org/10.1016/j.carbpol.2023.121773
https://doi.org/10.1016/j.carbpol.2020.117334
https://doi.org/10.1016/j.mtphys.2021.100568
https://doi.org/10.1080/14658011.2021.1893517
https://doi.org/10.1016/j.jcis.2022.03.078
https://doi.org/10.1016/j.cej.2020.125336
https://doi.org/10.1016/j.compositesa.2021.106317
https://doi.org/10.1016/j.compositesb.2019.107695
https://doi.org/10.1016/j.ijbiomac.2024.130790
https://doi.org/10.1016/j.ijbiomac.2024.130790
https://doi.org/10.1016/j.cej.2023.144986
https://doi.org/10.1016/j.polymdegradstab.2019.03.016
https://doi.org/10.1016/j.compositesb.2023.110861
https://doi.org/10.3390/ma13010013
https://doi.org/10.1016/j.indcrop.2022.114738
https://doi.org/10.1016/j.matchemphys.2023.128568
https://doi.org/10.1016/j.polymdegradstab.2022.110153
https://doi.org/10.3390/polym13050741
https://doi.org/10.1007/s10924-017-0985-6
https://doi.org/10.1016/j.ijbiomac.2018.12.002
https://doi.org/10.1016/j.ijbiomac.2018.12.002
pubs.aip.org/aip/are

Applied Physics Reviews

264, 7. Naser, L. Deiab, F. Defersha, and S. Yang, “Expanding poly(lactic acid)
(PLA) and polyhydroxyalkanoates (PHAs) applications: A review on modifi-
cations and effects,” Polymers 13(23), 4271 (2021).

27B. Mazela, A. Batista, and W. Grzeskowiak, “Expandable graphite as a fire
retardant for cellulosic materials—A review,” Forests 11(7), 755 (2020).

28C. Mukherjee, D. Varghese, J. S. Krishna, T. Boominathan, R. Rakeshkumar,
S. Dineshkumar, C. V. S. Brahmananda Rao, and A. Sivaramakrishna, “Recent
advances in biodegradable polymers-Properties, applications and future pros-
pects,” Eur. Polym. J. 192, 112068 (2023).

29y. Kumar, R. Sehgal, and R. Gupta, “Blends and composites of
polyhydroxyalkanoates (PHAs) and their applications,” Eur. Polym. J. 161,
110824 (2021).

30R, Tarrahi, Z. Fathi, M. O. Seydibeyoglu, E. Doustkhah, and A. Khataee,
“Polyhydroxyalkanoates (PHA): From production to nanoarchitecture,” Int. J.
Biol. Macromol. 146, 596-619 (2020).

31A. Parodi, M. D’Ambrosio, L. Mazzocchetti, G. A. Martinez, C. Samori, C.
Torri, and P. Galletti, “Chemical recycling of polyhydroxybutyrate (PHB) into
bio-based solvents and their use in a circular PHB extraction,” ACS
Sustainable Chem. Eng. 9(37), 12575-12583 (2021).

32T, Volova, E. Shishatskaya, V. Sevastianov, S. Efremov, and O. Mogilnaya,
“Results of biomedical investigations of PHB and PHB/PHYV fibers,” Biochem.
Eng. J. 16(2), 125-133 (2003).

333, Zainuddin, S. M. Kamrul Hasan, D. Loeven, and M. Hosur, “Mechanical,
fire retardant, water absorption and soil biodegradation properties of poly
(3-hydroxy-butyrate-co-3-valerate) nanofilms,” J. Polym. Environ. 27(10),
2292-2304 (2019).

347, Henschen, D. Li, and M. Ek, “Preparation of cellulose nanomaterials via cel-
lulose oxalates,” Carbohydr. Polym. 213, 208-216 (2019).

35S. Punia Bangar, A. O. Ashogbon, A. Singh, V. Chaudhary, and W. S.
Whiteside, “Enzymatic modification of starch: A green approach for starch
applications,” Carbohydr. Polym. 287, 119265 (2022).

36p_ Chavan, A. Sinhmar, M. Nehra, R. Thory, A. K. Pathera, A. A. Sundarraj,
and V. Nain, “Impact on various properties of native starch after synthesis of
starch nanoparticles: A review,” Food Chem. 364, 130416 (2021).

37C. Gong, J. P. Ni, C. Tian, and Z. H. Su, “Research in porous structure of cellu-
lose aerogel made from cellulose nanofibrils,” Int. J. Biol. Macromol. 172,
573-579 (2021).

38J. Zhang, V. Hirschberg, and D. Rodrigue, “Mechanical fatigue of biodegradable
polymers: A study on polylactic acid (PLA), polybutylene succinate (PBS)
and polybutylene adipate terephthalate (PBAT),” Int. |. Fatigue 159, 106798
(2022).

39F, Zhao, R. L. Xu, X. Zhang, J. W. Zheng, W. Liu, S. Zhao, and L. Li,
“Research on toughening polylactic acid by an epoxy soybean oil curing net-
work based on dynamic cross-linking,” ACS Sustainable Chem. Eng. 12(30),
11347-11360 (2024).

0L, Botta, V. Titone, R. Teresi, M. C. Scarlata, G. Lo Re, F. P. La Mantia, and F.
Lopresti, “Biocomposite PBAT/lignin blown films with enhanced photo-sta-
bility,” Int. J. Biol. Macromol. 217, 161-170 (2022).

“1. Feng, X. Xu, Z. Xu, H. Xie, P. Song, L. Li, G. Huang, and H. Wang, “One-
pot, solvent- and catalyst-free synthesis of polyphosphoramide as an eco-
benign and effective flame retardant for poly(lactic acid),” ACS Sustainable
Chem. Eng. 8(44), 16612-16623 (2020).

“2E, Kandare, B. K. Kandola, D. Price, S. Nazaré, and R. A. Horrocks, “Study of
the thermal decomposition of flame-retarded unsaturated polyester resins by
thermogravimetric analysis and Py-GC/MS,” Polym. Degrad. Stab. 93(11),
1996-2006 (2008).

“3A. E. Pavlath and K. S. Gregorski, “Carbohydrate pyrolysis: I. A continuous
mass spectrometric method analysis resulting gaseous mixture,” J. Anal. Appl.
Pyrol. 11, 341-353 (1987).

“4X. Cheng, S. Zhu, Y. Pan, Y. Deng, L. Shi, and L. Gong, “Fire retardancy and
thermal behaviors of Cellulose nanofiber/zinc borate aerogel,” Cellulose
27(13), 74637474 (2020).

“5p. Zong, Y. Jiang, Y. Tian, J. Li, M. Yuan, Y. Ji, M. Chen, D. Li, and Y. Qiao,
“Pyrolysis behavior and product distributions of biomass six group compo-
nents: Starch, cellulose, hemicellulose, lignin, protein and oil,” Energy
Convers. Manage. 216, 112777 (2020).

REVIEW pubs.aip.org/aip/are

“6X. Meng, W. J. Chen, W. G. Gong, Z. Xin, Z. W. Jiang, J. Peng, and Y. Sheng,
“Study on chain extension and flame retardancy of poly(lactic acid) with
modified silica molecular sieves,” China Plast. 31(8), 6 (2017).

“7X. Yue, S. Zhang, J. He, and Z. Wang, “Fabrication of flame retarded cellulose
aerogel with hydrophobicity via MF/MTMS double cross-linking,” J. Nat.
Fibers 20(1), 2133053 (2023).

“BH. B. Yuan, R. C. Tang, and C. B. Yu, “Flame retardant functionalization of
microcrystalline cellulose by phosphorylation reaction with phytic acid,” Int.
J. Mol. Sci. 22(17), 9631 (2021).

49g. s, Matos, S. Fateixa, N. von Weymarn, C. S. R. Freire, A. J. D. Silvestre, and
C. Vilela, “Functional fibers from regenerated wood pulp cellulose and a
natural-based phytate with enhanced flame retardancy properties,” J. Appl.

Polym. Sci. 140(34), e54326 (2023).

50Q. Zhang, J. Chen, D. Li, L. Sun, Y. Ren, C. Cheng, and X. Liu, “Simultaneous
enhancement of mechanical strength and flame retardancy of lyocell fiber via
filling fire-resistant cellulose-based derivative,” Ind. Crop. Prod. 199, 116757
(2023).

S1R. Haj, B. Otazaghine, R. Sonnier, R. El Hage, S. Rouif, M. Nakhl, and J. M. Lopez-
Cuesta, “Influence of monomer reactivity on radiation grafting of phosphorus
flame retardants on flax fabrics,” Polym. Degrad. Stab. 166, 86-98 (2019).

52N. Ren, S. Chen, M. Cui, R. Huang, W. Qi, Z. He, and R. Su, “Ultrastrong and
flame-retardant microfibers via microfluidic wet spinning of phosphorylated
cellulose nanofibrils,” Carbohydr. Polym. 296, 119945 (2022).

53R. Sonnier, B. Otazaghine, A. Viretto, G. Apolinario, and P. Ienny,
“Improving the flame retardancy of flax fabrics by radiation grafting of phos-
phorus compounds,” Eur. Polym. J. 68, 313-325 (2015).

S“R. Hajj, R. El Hage, R. Sonnier, B. Otazaghine, S. Rouif, M. Nakhl, and J. M.
Lopez-Cuesta, “Influence of lignocellulosic substrate and phosphorus flame
retardant type on grafting yield and flame retardancy,” React. Funct. Polym.

153, 104612 (2020).

5SH. Chen, T. Wang, Y. Wen, X. Wen, D. Gao, R. Yu, X. Chen, E. Mijowska,
and T. Tang, “Expanded graphite assistant construction of gradient-
structured char layer in PBS/Mg(OH), composites for improving flame
retardancy, thermal stability and mechanical properties,” Composites, Part B

177, 107402 (2019).

56X. Xu, Z. Jiang, K. Zhu, Y. Zhang, M. Zhu, C. Wang, H. Wang, and A. Ren,
“Highly flame-retardant and low toxic polybutylene succinate composites
with functionalized BN@APP exfoliated by ball milling,” J. Appl. Polym. Sci.

139(21), 52217 (2022).

S7T. C. Mokhena, E. R. Sadiku, S. S. Ray, M. J. Mochane, and T. E. Motaung,
“The effect of expanded graphite/clay nanoparticles on thermal, rheological,
and fire-retardant properties of poly(butylene succinate),” Polym. Compos.
42(12), 6370-6382 (2021).

58Q. Chen, X. Wen, H. Chen, Y. Qi, J. Gong, H. Yang, Y. Li, and T. Tang,
“Study of the effect of nanosized carbon black on flammability and mechani-
cal properties of poly(butylene succinate),” Polym. Adv. Technol. 26(2), 128-

135 (2015).

59p. Wang, Z. Wang, T. Yan, L. Yang, L. Yang, J. Ling, S. Feng, P. Xu, and Y.
Ding, “Mechanically robust and flame-retardant poly(lactide)/poly(butylene
adipate-co-terephthalate) composites based on carbon nanotubes and ammo-
nium polyphosphate,” Int. J. Biol. Macromol. 221, 573-584 (2022).

0B, Fan, S. Chen, Q. Yao, Q. Sun, and C. Jin, “Fabrication of cellulose nano-
fiber/AIOOH aerogel for flame retardant and thermal insulation,” Materials

10(3), 311 (2017).

'Y, Wang, T. Xie, J. Zhang, B. Dang, and Y. Li, “Green fabrication of an ionic
liquid-activated lignocellulose flame-retardant composite,” Ind. Crop. Prod.
178, 114602 (2022).

62p, Yuan, J. Zhang, J. Yu, R. Song, Q. Mi, J. He, and J. Zhang, “Transparent
and flame retardant cellulose/aluminum hydroxide nanocomposite aerogels,”
Sci. China Chem. 59(10), 1335-1341 (2016).

63p, Dang, T. Jin, Y. Chen, J. Zhang, Q. Feng, M. Liu, and Q. Sun, “Effect of
nano-zirconium oxide modification on flame retardancy of lignocellulose
composite,” Ind. Crop. Prod. 187, 115384 (2022).

641, Jiang, K. Li, H. Yang, X. Liu, W. Xu, and B. Deng, “Significantly improved
flame-retardancy of cellulose acetate nanofiber by Mg-based nano flaky petal,”
Cellulose 26(9), 52115226 (2019).

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-15

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.3390/polym13234271
https://doi.org/10.3390/f11070755
https://doi.org/10.1016/j.eurpolymj.2023.112068
https://doi.org/10.1016/j.eurpolymj.2021.110824
https://doi.org/10.1016/j.ijbiomac.2019.12.181
https://doi.org/10.1016/j.ijbiomac.2019.12.181
https://doi.org/10.1021/acssuschemeng.1c03299
https://doi.org/10.1021/acssuschemeng.1c03299
https://doi.org/10.1016/S1369-703X(03)00038-X
https://doi.org/10.1016/S1369-703X(03)00038-X
https://doi.org/10.1007/s10924-019-01517-9
https://doi.org/10.1016/j.carbpol.2019.02.056
https://doi.org/10.1016/j.carbpol.2022.119265
https://doi.org/10.1016/j.foodchem.2021.130416
https://doi.org/10.1016/j.ijbiomac.2021.01.080
https://doi.org/10.1016/j.ijfatigue.2022.106798
https://doi.org/10.1021/acssuschemeng.4c03569
https://doi.org/10.1016/j.ijbiomac.2022.07.048
https://doi.org/10.1021/acssuschemeng.0c05931
https://doi.org/10.1021/acssuschemeng.0c05931
https://doi.org/10.1016/j.polymdegradstab.2008.03.032
https://doi.org/10.1016/0165-2370(87)85040-4
https://doi.org/10.1016/0165-2370(87)85040-4
https://doi.org/10.1007/s10570-020-03289-1
https://doi.org/10.1016/j.enconman.2020.112777
https://doi.org/10.1016/j.enconman.2020.112777
https://doi.org/10.1080/15440478.2022.2133053
https://doi.org/10.1080/15440478.2022.2133053
https://doi.org/10.3390/ijms22179631
https://doi.org/10.3390/ijms22179631
https://doi.org/10.1002/app.54326
https://doi.org/10.1002/app.54326
https://doi.org/10.1016/j.indcrop.2023.116757
https://doi.org/10.1016/j.polymdegradstab.2019.05.025
https://doi.org/10.1016/j.carbpol.2022.119945
https://doi.org/10.1016/j.eurpolymj.2015.05.005
https://doi.org/10.1016/j.reactfunctpolym.2020.104612
https://doi.org/10.1016/j.compositesb.2019.107402
https://doi.org/10.1002/app.52217
https://doi.org/10.1002/pc.26304
https://doi.org/10.1002/pat.3431
https://doi.org/10.1016/j.ijbiomac.2022.09.033
https://doi.org/10.3390/ma10030311
https://doi.org/10.1016/j.indcrop.2022.114602
https://doi.org/10.1007/s11426-016-0188-0
https://doi.org/10.1016/j.indcrop.2022.115384
https://doi.org/10.1007/s10570-019-02451-8
pubs.aip.org/aip/are

Applied Physics Reviews

857. Fan, Y. Yu, X. Cheng, and R. Liu, “Electromagnetic shielding and flame
retardancy of composite films constructed with cellulose and graphene nano-
plates,” Materials 15(3), 1088 (2022).

®8D, Wang, H. Peng, Y. Wu, L. Zhang, M. Li, M. Liu, Y. Zhu, A. Tian, and S.
Fu, “Bioinspired lamellar barriers for significantly improving the flame-
retardant properties of nanocellulose composites,” ACS Sustainable Chem.
Eng. 8(11), 4331-4336 (2020).

7L A. Savas, F. Hacioglu, M. Hancer, and M. Dogan, “Flame retardant effect of
aluminum hypophosphite in heteroatom-containing polymers,” Polym. Bull.
77(1), 291-306 (2020).

68A. Erdem and M. Dogan, “Production and characterization of green flame
retardant poly(lactic acid) composites,” |. Polym. Environ. 28(11), 2837-2850
(2020).

®9G. Tang, X. J. Huang, H. C. Ding, X. Wang, S. D. Jiang, K. Q. Zhou, B. B.
Wang, W. Yang, and Y. Hu, “Combustion properties and thermal degradation
behaviors of biobased polylactide composites filled with calcium hypophos-
phite,” RSC Adv. 4(18), 8985-8993 (2014).

7B, Zhang, H. Liu, and J. Han, “Synthesis of zinc hydroxystannate microcap-
sule for improving flame retardancy and smoke suppression of poly(lactic
acid),” Mater. Lett. 213, 35-39 (2018).

7IL. Q. Gu, J. H. Qiu, C. Qiu, Y. W. Yao, E. Sakai, and L. T. Yang, “Mechanical
properties and degrading behaviors of aluminum hypophosphite-poly(lactic
acid) (PLA) nanocomposites,” Polym.-Plast. Technol. Mater. 58(2), 126-138
(2019).

72B. Zhang and Y. J. Jiang, “Improving the flame retardancy and smoke sup-
pression of poly(lactic acid) with a SiO2@ammonium molybdate core-shell
nanotubes,” Polym.-Plast. Technol. Mater. 58(8), 843-853 (2019).

73X. W. Cao, X. N. Chi, X. Q. Deng, Q. J. Sun, X. J. Gong, B. Yu, A. C. Y. Yuen,
W. Wu, and R. K. Y. Li, “Facile synthesis of phosphorus and cobalt Co-doped
graphitic carbon nitride for fire and smoke suppressions of polylactide com-
posite,” Polymers 12(5), 14 (2020).

74p. Homa, K. Wenelska, and E. Mijowska, “Enhanced thermal properties of
poly(lactic acid)/MoS,/carbon nanotubes composites,” Sci. Rep. 10(1), 740
(2020).

75C. Tipachan, R. K. Gupta, S. Agarwal, and S. Kajorncheappunngam, “Flame
retardant properties and thermal stability of polylactic acid filled with layered
double hydroxide and rice husk ash silica,” J. Polym. Environ. 28(3), 948-961
(2020).

76M. E. Mngomezulu, A. S. Luyt, S. A. Chapple, and M. J. John, “Poly(lactic
acid)-starch/expandable graphite (PLA-starch/EG) flame retardant compo-
sites,” J. Renewable Mater. 6(1), 26-37 (2018).

77G. Stoclet, M. Sclavons, B. Lecouvet, J. Devaux, P. Van Velthem, A.
Boborodea, S. Bourbigot, and N. Sallem-Idrissi, “Elaboration of poly(lactic
acid)/halloysite nanocomposites by means of water assisted extrusion:
Structure, mechanical properties and fire performance,” RSC Adv. 4(101),
57553-57563 (2014).

78S, Jiang, Y. Yang, S. Ge, Z. Zhang, and W. Peng, “Preparation and properties
of novel flame-retardant PBS wood-plastic composites,” Arab. |. Chem. 11,
844-857 (2018).

79Y. Wang, D. Jiang, X. Wen, T. Tang, K. Szymariska, K. Sielicki, K. Wenelska,
and E. Mijowska, “Investigating the effect of aluminum diethylphosphinate on
thermal stability, flame retardancy, and mechanical properties of poly(butyl-
ene succinate),” Front. Mater. 8, 737749 (2021).

891, Long, W. Xu, T. Xu, G. Xu, Y. Xiang, C. Shan, M. He, S. Qin, and J. Yu,
“Reactable versus soluble DOPO derivatives in poly(lactic acid)/poly(butylene
adipate-co-terephthalate) composites: Flame retardance, mechanical proper-
ties and morphology,” ]. Appl. Polym. Sci. 140(4), e53373 (2023).

8ly, Zhou, S. Qiu, G. I. N. Waterhouse, K. Zhang, and J. Xu, “Enhancing the
properties of PBAT/PLA composites with novel phosphorus-based ionic liquid
compatibilizers,” Mater. Today Commun. 27, 102407 (2021).

82W. Guo, S. Chen, F. Liang, L. Jin, C. Ji, P. Zhang, and B. Fei, “Ultra-light-
weight, anti-flammable and water-proof cellulosic aerogels for thermal insula-
tion applications,” Int. J. Biol. Macromol. 246, 125343 (2023).

83]. He, Y. Liu, C. Wu, S. Liu, Y. Lu, and Q. Wu, “Pre-oxidation of cellulose con-
trolled by the nitrogen-phosphorus compound catalyst to prepare fibers with
ultra-high flame retardancy,” Ind. Crops Prod. 195, 116355 (2023).

REVIEW pubs.aip.org/aip/are

84D, Wang, Y. Wang, T. Li, S. Zhang, P. Ma, D. Shi, M. Chen, and W. Dong, “A
bio-based flame-retardant starch based on phytic acid,” ACS Sustainable
Chem. Eng. 8(27), 10265-10274 (2020).

85]. Jing, Y. Zhang, and Z. P. Fang, “Diphenolic acid based biphosphate on the
properties of polylactic acid: Synthesis, fire behavior and flame retardant
mechanism,” Polymer 108, 29-37 (2017).

86L.J. Long, Q. F. Chang, W. T. He, Y. S. Xiang, S. H. Qin, J. B. Yin, and J. Yu,
“Effects of bridged DOPO derivatives on the thermal stability and flame retar-
dant properties of poly(lactic acid),” Polym. Degrad. Stab. 139, 55-66 (2017).

871..J. Long, J. B. Yin, W. T. He, S. H. Qin, and J. Yu, “Influence of a phenethyl-
bridged DOPO derivative on the flame retardancy, thermal properties, and
mechanical properties of poly(lactic acid),” Ind. Eng. Chem. Res. 55(40),
10803-10812 (2016).

88X. Wang, W. He, L. Long, S. Huang, S. Qin, and G. Xu, “A phosphorus- and
nitrogen-containing DOPO derivative as flame retardant for polylactic acid
(PLA),” J. Therm. Anal. Calorim. 145, 331-343 (2021).

89X. M. Zhao, E. R. Guerrero, J. Lorca, and D. Y. Wang, “New superefficiently
flame-retardant bioplastic poly(lactic acid): Flammability, thermal decomposi-
tion behavior, and tensile properties,” Acs Sustainable Chem. Eng. 4(1), 202
209 (2016).

90X G. Wang, J. Sun, X. D. Liu, S. L. Jiang, J. L. Wang, H. E. Li, S. Bourbigot, X.
Y. Gu, and S. Zhang, “An effective flame retardant containing hypophospho-
rous acid for poly (lactic acid): Fire performance, thermal stability and
mechanical properties,” Polym. Test 78, 105940 (2019).

°'L. Xia, R. K. Jian, Y. F. Ai, X. L. Zheng, and B. Zhao, “An effective multi-
hydroxy-containing ammonium phosphate towards flame-retarding poly(lac-
tic acid): Flame retardance, thermal and pyrolysis behaviors,” J. Anal. Appl.
Pyrol. 134, 265-273 (2018).

92Y. X. Yang, L. Haurie, J. Zhang, X. Q. Zhang, R. Wang, and D. Y. Wang,
“Effect of bio-based phytate (PA-THAM) on the flame retardant and mechan-
ical properties of polylactide (PLA),” eXPRESS Polym. Lett. 14(8), 705-716
(2020).

93, Q. Gu, J. H. Qiu, and E. Sakai, “Effect of DOPO-containing flame retard-
ants on poly(lactic acid): non-flammability, mechanical properties and ther-
mal behaviors,” Chem. Res. Chin. Univ. 33(1), 143-149 (2017).

94X Hu, J. Sun, X. Li, L. Qian, and J. Li, “Effect of phosphorus-nitrogen com-
pound on flame retardancy and mechanical properties of polylactic acid,”
J. Appl. Polym. Sci. 138(7), 49829 (2021).

95 H. Sun, L. Li, and J. Li, “Effects of furan-phosphamide derivative on flame
retardancy and crystallization behaviors of poly(lactic acid),” Chem. Eng. J.
369, 150-160 (2019).

98L. Liu, Y. Xu, Y. Pan, M. Xu, Y. Di, and B. Li, “Facile synthesis of an efficient
phosphonamide flame retardant for simultaneous enhancement of fire safety
and crystallization rate of poly (lactic acid),” Chem. Eng. J. 421, 127761
(2021).

97W. Xi, L. J. Qian, Y. Qiu, and Y. J. Chen, “Flame-retardant behavior of bi-
group molecule derived from phosphaphenanthrene and triazine groups on
polylactic acid,” Polym. Adv. Technol. 27(6), 781-788 (2016).

°8B. Tawiah, B. Yu, R. Wei, R. K. K. Yuen, W. Chen, J. H. Xin, and B. Fei,
“Simultaneous fire safety enhancement and mechanical reinforcement of poly
(lactic acid) biocomposites with hexaphenyl (nitrilotris(ethane-2,1-diyl))tris
(phosphoramidate),” J. Hazard. Mater. 380, 120856 (2019).

99L. Liu, Y. Xu, Y. Di, M. Xu, Y. Pan, and B. Li, “Simultaneously enhancing the
fire retardancy and crystallization rate of biodegradable polylactic acid with
piperazine-1,4-diylbis (diphenylphosphine oxide),” Composites, Part B 202,
108407 (2020).

100p  Tawiah, B. Yu, A. C. Y. Yuen, R. K. K. Yuen, J. H. Xin, and B. Fei,
“Thermal, crystalline and mechanical properties of flame retarded poly(lactic
acid) with a PBO-like small molecule - phenylphosphonic bis(2-aminobenzo-
thiazole),” Polym. Degrad. Stab. 163, 76-86 (2019).

101X, Zhou and T. Wu, “Synthesis, characterization of phosphorus-containing
copolyester and its application as flame retardants for poly(butylene succinate)
(PBS),” Chemosphere 235, 163-168 (2019).

102y Liu, Z. Jiang, J. Miao, Y. Yu, and L. Zhang, “Properties of flame-retardant
cellulose fibers with ionic liquid,” Fiber. Polym. 18(5), 915-921 (2017).

1931 Liu, B. Shi, A. Zhang, Y. Xue, J. Zhang, J. Dai, M. Hassanpour, L. C. Tang,
Y. Shi, and P. Song, “A polyphosphoramide-grafted lignin enabled

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-16

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.3390/ma15031088
https://doi.org/10.1021/acssuschemeng.9b07745
https://doi.org/10.1021/acssuschemeng.9b07745
https://doi.org/10.1007/s00289-019-02746-7
https://doi.org/10.1007/s10924-020-01817-5
https://doi.org/10.1039/c3ra44537b
https://doi.org/10.1016/j.matlet.2017.11.018
https://doi.org/10.1080/03602559.2018.1466169
https://doi.org/10.1080/03602559.2018.1493124
https://doi.org/10.3390/polym12051106
https://doi.org/10.1038/s41598-020-57708-1
https://doi.org/10.1007/s10924-020-01658-2
https://doi.org/10.7569/JRM.2017.634140
https://doi.org/10.1039/C4RA06845A
https://doi.org/10.1016/j.arabjc.2017.12.023
https://doi.org/10.3389/fmats.2021.737749
https://doi.org/10.1002/app.53373
https://doi.org/10.1016/j.mtcomm.2021.102407
https://doi.org/10.1016/j.ijbiomac.2023.125343
https://doi.org/10.1016/j.indcrop.2023.116355
https://doi.org/10.1021/acssuschemeng.0c03277
https://doi.org/10.1021/acssuschemeng.0c03277
https://doi.org/10.1016/j.polymer.2016.11.036
https://doi.org/10.1016/j.polymdegradstab.2017.03.016
https://doi.org/10.1021/acs.iecr.6b02350
https://doi.org/10.1007/s10973-020-09688-7
https://doi.org/10.1021/acssuschemeng.5b00980
https://doi.org/10.1016/j.polymertesting.2019.105940
https://doi.org/10.1016/j.jaap.2018.06.016
https://doi.org/10.1016/j.jaap.2018.06.016
https://doi.org/10.3144/expresspolymlett.2020.58
https://doi.org/10.1007/s40242-017-6196-9
https://doi.org/10.1002/app.49829
https://doi.org/10.1016/j.cej.2019.03.036
https://doi.org/10.1016/j.cej.2020.127761
https://doi.org/10.1002/pat.3714
https://doi.org/10.1016/j.jhazmat.2019.120856
https://doi.org/10.1016/j.compositesb.2020.108407
https://doi.org/10.1016/j.polymdegradstab.2019.03.002
https://doi.org/10.1016/j.chemosphere.2019.06.151
https://doi.org/10.1007/s12221-017-6922-4
pubs.aip.org/aip/are

Applied Physics Reviews

thermostable and fire-retardant polylactide with preserved mechanical proper-

ties,” Composites, Part A 160, 107028 (2022).

J. Feng, Y. Lu, H. Xie, Y. Zhang, S. Huo, X. Liu, M. Flynn, Z. Xu, P. Burey, M.

Lynch, H. Wang, and P. Song, “Atom-economic synthesis of an oligomeric P/

N-containing fire retardant towards fire-retarding and mechanically robust

polylactide biocomposites,” J. Mater. Sci. Technol. 160, 86-95 (2023).

195] Feng, Z. Ma, Z. Xu, H. Xie, Y. Lu, C. Maluk, P. Song, S. Bourbigot, and H.
Wang, “A Si-containing polyphosphoramide via green chemistry for fire-
retardant polylactide with well-preserved mechanical and transparent proper-
ties,” Chem. Eng. J. 431, 134259 (2022).

106X, Wang, H. Niu, W. Guo, L. Song, and Y. Hu, “Renewable isosorbide-derived
poly(phosphoester) for simultaneously enhanced flame-retardancy and
mechanical property of polylactide,” Prog. Nat. Sci. 31(4), 546-556 (2021).

197H. J. Lin, S. R. Liu, L. J. Han, X. M. Wang, Y. J. Bian, and L. S. Dong, “Effect of
a phosphorus-containing oligomer on flame-retardant, rheological and
mechanical properties of poly (lactic acid),” Polym. Degrad. Stab. 98(7), 1389
1396 (2013).

T98M. J. Sim and S. H. Cha, “Efficient polymeric phosphorus flame retardant:
Flame retardancy, thermal property, and physical property on polylactide,”
Polym. Bull. 76(7), 3463-3479 (2019).

1994, J. Lin, L. J. Han, X. M. Wang, Y. J. Bian, Y. S. Li, and L. S. Dong, “Study on
the thermal degradation behavior and flame-retardant property of polylactide/
PEDPP blends,” Polym. Adv. Technol. 24(6), 576-583 (2013).

TOT. C. Mauldin, M. Zammarano, J. W. Gilman, J. R. Shields, and D. J. Boday,
“Synthesis and characterization of isosorbide-based polyphosphonates as bio-
based flame-retardants,” Polym. Chem. 5(17), 5139-5146 (2014).

ME. H. Liao, Y. Q. Ju, X. Dai, Y. Cao, J. W. Li, and X. L. Wang, “A novel efficient
polymeric flame retardant for poly (lactic acid) (PLA): Synthesis and its effects
on flame retardancy and crystallization of PLA,” Polym. Degrad. Stab. 120,
251-261 (2015).

"2N. J. Wy, G. L. Fu, Y. Yang, M. F. Xia, H. Yun, and Q. G. Wang, “Fire safety
enhancement of a highly efficient flame retardant poly (phenylphosphoryl phe-
nylenediamine) in biodegradable poly(lactic acid),” J. Hazard. Mater. 363, 1-9
(2019).

T3X. W. Shi, F. H. Liao, Y. Q. Ju, X. Dai, Y. Cao, . W. Li, and X. L. Wang,
“Improving the flame retardance and melt dripping of poly(lactic acid) with a
novel polymeric flame retardant of high thermal stability,” Fire Mater. 41(4),
362-374 (2017).

T“E, H. Liao, L. Zhou, Y. Q. Ju, Y. Y. Yang, and X. L. Wang, “Synthesis of a novel
phosphorus-nitrogen-silicon polymeric flame retardant and its application in
poly(lactic acid,” Ind. Eng. Chem. Res. 53(24), 10015-10023 (2014).

"5p. Xu, G. Qi, D. Lv, D. Niu, W. Yang, H. Bai, X. Yan, X. Zhao, and P. Ma,
“Enhanced flame retardancy and toughness of eco-friendly polyhydroxyalka-
noate/bentonite composites based on in situ intercalation of P-N-containing
hyperbranched macromolecules,” Int. J. Biol. Macromol. 232, 123345 (2023).

18, Chen, S. Lin, Y. Hu, M. Ma, Y. Shi, J. Liu, F. Zhu, and X. Wang, “A lignin-
based flame retardant for improving fire behavior and biodegradation perfor-
mance of polybutylene succinate,” Polym. Adv. Technol. 29(12), 3142-3150
(2018).

"7y Qi, Y. Pan, Z. Luo, and B. Wang, “Facile and scalable fabrication of bioder-
ived flame retardant based on adenine for enhancing fire safety of fully biode-
gradable PLA/PBAT/TPS ternary blends,” J. Appl. Polym. Sci. 138(35), 50877
(2021).

187 Li, P. Wei, Y. Yang, Y. G. Yan, and D. A. Shi, “Synthesis of a hyperbranched
poly(phosphamide ester) oligomer and its high-effective flame retardancy and
accelerated nucleation effect in polylactide composites,” Polym. Degrad. Stab.
110, 104-112 (2014).

T9X. Hu, K. H. Wong, N. Y. G. Lai, H. Yu, and J. Li, “Effects of hexa (ethyl lac-
tate)-cyclotriphosphazene on flame retardancy and mechanical properties of
polylactic acid,” Sustainable Mater. Technol. 38, 00708 (2023).

120\, Niu, Z. Zhang, Z. Wei, and W. Wang, “Effect of a novel flame retardant on
the mechanical, thermal and combustion properties of poly(lactic Acid),”
Polymers 12(10), 2407 (2020).

21y, J. Chen, W. Wang, Z. Q. Liu, Y. Y. Yao, and L. J. Qian, “Synthesis of a novel
flame retardant containing phosphazene and triazine groups and its enhanced
charring effect in poly(lactic acid) resin,” J. Appl. Polym. Sci. 134(13), 8 (2017).

104

REVIEW pubs.aip.org/aip/are

1225, Dong, Y. Wang, L. Liu, H. Jia, Y. Zang, L. Zu, T. Lan, and J. Wang,
“Synthesis and characterization of a novel dopo-based flame retardant inter-
mediate and its flame retardancy as a polystyrene intrinsic flame retardant,”
ACS Omega 8(51), 48825-48842 (2023).

125M. Kervran, M. Shabanian, C. Vagner, M. Pongot, J. Meier-Haack, F. Laoutid,
S. Gaan, and H. Vahabi, “Flame retardancy of sustainable polylactic acid and
polyhydroxybutyrate (PLA/PHB) blends,” Int. J. Biol. Macromol. 251, 126208
(2023).

124y, Phetwarotai, T. Suparanon, N. Phusunti, and P. Potiyaraj, “Influence of
compatibilizer and multifunctional additive loadings on flame retardation,
plasticization, and impact modification of polylactide and poly(butylene adi-
pate-co-terephthalate) biodegradable blends,” Polym. Adv. Technol. 31(9),
2094-2107 (2020).

125Q. Xue, Q. Wu, Y. Yao, X. Li, J. Sun, X. Gu, W. Song, F. Yan, and S. Zhang, “A
bio-safe cyclophosphazene derivative flame retardant for polylactic acid com-
posites: Flammability and cytotoxicity,” Polym. Adv. Technol. 32(1), 368-378
(2021).

126]. Zhang, D. Chen, Q. Chen, T. Zhu, H. Li, J. Sun, W. Yang, X. Gu, and .
Zhang, “To improve the flame retardancy, mechanical properties and degrada-
tion rate of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) by divinybenzene-
maleic anhydride microsphere,” Polym. Degrad. Stab. 205, 110124 (2022).

27X, Yue, J. Li, P. Liu, Y. Lin, and X. Du, “Study on the performance of flame-
retardant esterified starch-modified cassava dregs-PBS composites,” J. Appl.
Polym. Sci. 135(18), 46210 (2018).

128X Yue, P. Cao, M. Yang, C. Li, and Z. Wang, “Improving flame retardant and
smoke suppression efficiency for PBS by adding a tannin surface and interfa-
cial modified IFR/MMT synergist,” Eur. Polym. J. 181, 111662 (2022).

129y, Wang, C. Li, H. Liu, L. Ma, D. Jiang, X. Wen, and T. Tang, “Investigation
on molecular sieve 4A as synergist to improve thermal stability and flame
retardancy of biodegradable PBS/PAPP composites,” J. Therm. Anal. Calorim.
148(18), 9537-9546 (2023).

150y, Wang, S. Zhang, X. Wu, C. Lu, Y. Cai, L. Ma, G. Shi, and L. Yang, “Effect of
montmorillonite on the flame-resistant and mechanical properties of intumes-
cent flame-retardant poly(butylene succinate) composites,” J. Therm. Anal.
Calorim. 128(3), 1417-1427 (2017).

1A, Suwanniroj and N. Suppakarn, “Influence of glycidyl methacrylate grafted
poly (butylene succinate) (PBS-g-GMA) on flame retardancy and mechanical
properties of water hyacinth fiber/ammonium polyphosphate/poly (butylene
succinate) composites,” ]. Appl. Polym. Sci. 139(43), e53063 (2022).

132y, Wang, C. Liu, X. Shi, J. Liang, Z. Jia, and G. Shi, “Synergistic effect of halloy-
site nanotubes on flame resistance of intumescent flame retardant poly(butyl-
ene succinate) composites,” Polym. Compos. 40(1), 202-209 (2019).

T33E. Xiao, G. Fontaine, and S. Bourbigot, “A highly efficient intumescent polybu-
tylene succinate: Flame retardancy and mechanistic aspects,” Polym. Degrad.
Stab. 196, 109830 (2022).

T34E, Xiao, G. Fontaine, and S. Bourbigot, “Improvement of flame retardancy and
antidripping properties of intumescent polybutylene succinate combining
piperazine pyrophosphate and zinc borate,” ACS Appl. Polym. Mater. 4(3),
1911-1921 (2022).

135, Xiao, G. Fontaine, and S. Bourbigot, “Intumescent polybutylene succinate:

Ethylenediamine phosphate and synergists,” Polym. Degrad. Stab. 192, 109707

(2021).

J. Yue, C. Liu, C. Zhou, X. Fu, L. Luo, L. Gan, X. Yang, and ]. Huang,

“Enhancing flame retardancy and promoting initial combustion carbonization

via incorporating electrostatically surface-functionalized carbon nanotube syn-

ergist into intumescent flame-retardant poly(butylene succinate),” Polymer

189, 122197 (2020).

187, Zhang, Y. Li, J. Guo, L. Gu, B. Fei, J. Sun, and X. Gu, “Preparation of hexakis (4-
aldehyde phenoxy) cyclotriphosphazene grafted kaolinite and its synergistic fire
resistance in poly (butylene succinate,” Polym. Compos. 41(3), 1024-1035 (2020).).

138X, Wang, Y. Hu, L. Song, H. Yang, B. Yu, B. Kandola, and D. Deli,
“Comparative study on the synergistic effect of POSS and graphene with mela-
mine phosphate on the flame retardance of poly(butylene succinate),”
Thermochim. Acta 543, 156-164 (2012).

139Y. J. Liu, L. Mao, and S. H. Fan, “Preparation and study of intumescent flame
retardant poly(butylene succinate) using MgAlZnFe-CO; layered double
hydroxide as a synergistic agent,” J. Appl. Polym. Sci. 131(17), 40736 (2014).

136

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-17

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.1016/j.compositesa.2022.107028
https://doi.org/10.1016/j.jmst.2023.04.003
https://doi.org/10.1016/j.cej.2021.134259
https://doi.org/10.1016/j.pnsc.2021.06.004
https://doi.org/10.1016/j.polymdegradstab.2013.03.025
https://doi.org/10.1007/s00289-018-2558-9
https://doi.org/10.1002/pat.3120
https://doi.org/10.1039/C4PY00591K
https://doi.org/10.1016/j.polymdegradstab.2015.07.012
https://doi.org/10.1016/j.jhazmat.2018.08.090
https://doi.org/10.1002/fam.2389
https://doi.org/10.1021/ie5008745
https://doi.org/10.1016/j.ijbiomac.2023.123345
https://doi.org/10.1002/pat.4436
https://doi.org/10.1002/app.50877
https://doi.org/10.1016/j.polymdegradstab.2014.08.024
https://doi.org/10.1016/j.susmat.2023.e00708
https://doi.org/10.3390/polym12102407
https://doi.org/10.1002/app.44660
https://doi.org/10.1021/acsomega.3c06235
https://doi.org/10.1016/j.ijbiomac.2023.126208
https://doi.org/10.1002/pat.4932
https://doi.org/10.1002/pat.5092
https://doi.org/10.1016/j.polymdegradstab.2022.110124
https://doi.org/10.1002/app.46210
https://doi.org/10.1002/app.46210
https://doi.org/10.1016/j.eurpolymj.2022.111662
https://doi.org/10.1007/s10973-023-12314-x
https://doi.org/10.1007/s10973-017-6092-z
https://doi.org/10.1007/s10973-017-6092-z
https://doi.org/10.1002/app.53063
https://doi.org/10.1002/pc.24629
https://doi.org/10.1016/j.polymdegradstab.2022.109830
https://doi.org/10.1016/j.polymdegradstab.2022.109830
https://doi.org/10.1021/acsapm.1c01755
https://doi.org/10.1016/j.polymdegradstab.2021.109707
https://doi.org/10.1016/j.polymer.2020.122197
https://doi.org/10.1002/pc.25434
https://doi.org/10.1016/j.tca.2012.05.017
https://doi.org/10.1002/app.40736
pubs.aip.org/aip/are

Applied Physics Reviews

140X Yue, J. Li, P. Liu, W. Pu, and Y. Lin, “Investigation of flame-retarded poly
(butylene succinate) composites using MHSH as synergistic and reinforced
agent,” ]. Mater. Sci. 53(7), 5004-5015 (2018).

41X, Wang, L. Song, H. Yang, H. Lu, and Y. Hu, “Synergistic effect of graphene
on antidripping and fire resistance of intumescent flame retardant poly(butyl-
ene succinate) composites,” Ind. Eng. Chem. Res. 50(9), 5376-5383 (2011).

42X Yue, Y. Li, J. Li,and Y. Xu, “Improving fire behavior and smoke suppression
of flame-retardant PBS composites using lignin chelate as carbonization agent
and catalyst,” |. Appl. Polym. Sci. 138(41), 51199 (2021).

1437 Y. Feng, J. Guo, Y. X. Yan, J. Sun, S. Zhang, W. J. Wang, X. Y. Gu, and H. F.
Li, “Modification of mesoporous silica with phosphotungstic acid and its
effects on the combustion and thermal behavior of polylactic acid composites,”
Polym. Degrad. Stab. 160, 24-34 (2019).

4D, D. Gao, X. Wen, Y. Y. Guan, W. Czerwonko, Y. H. Li, Y. Gao, E. Mijowska,
and T. Tang, “Flame retardant effect and mechanism of nanosized NiO as syn-
ergist in PLA/APP/CSi-MCA composites,” Compos. Commun. 17, 170-176
(2020).

5T, Liy, J. Jing, Y. Zhang, and Z. P. Fang, “Synthesis of a novel polyphosphate
and its application with APP in flame retardant PLA,” RSC Adv. 8(8), 4483-
4493 (2018).

461, S, Li, X. J. Mao, R. Ju, Y. J. Chen, and L. J. Qian, “Synergistic effect of
organo-montmorillonite on intumescent flame-retardant PLA,” Ferroelectrics
527(1), 25-36 (2018).

T47N. Zhang and X. Lu, “Mechanical, thermal and combustion properties of intu-
mescent flame retardant biodegradable poly (lactic acid) composites,” Plast.,
Rubber Compos. 47(10), 458-467 (2018).

48G, S. Liu and S. Gao, “Synergistic effect between aluminum hypophosphite
and a new intumescent flame retardant system in poly(lactic acid),” J. Appl.
Polym. Sci. 135(23), 46359 (2018).

9M. Magsood, F. Langensiepen, and G. Seide, “The efficiency of biobased car-
bonization agent and intumescent flame retardant on flame retardancy of bio-
polymer composites and investigation of their melt-spinnability,” Molecules
24(8), 18 (2019).

130M. Magsood and G. Seide, “Investigation of the flammability and thermal sta-
bility of halogen-free intumescent system in biopolymer composites contain-
ing biobased carbonization agent and mechanism of their char formation,”
Polymers 11(1), 16 (2019).

51y, X. Yang, L. Haurie, J. H. Wen, S. D. Zhang, A. Ollivier, and D. Y. Wang,
“Effect of oxidized wood flour as functional filler on the mechanical, thermal
and flame-retardant properties of polylactide biocomposites,” Ind. Crops Prod.
130, 301-309 (2019).

52X Huang, J. Xu, and H. Deng, “Analysis of flame retardancy of modified chi-
tosan for polylactic acid,” Plastics 49(1), 6-10 (2020).

33W. Gong, M. Fan, J. Luo, J. Liang, and X. Meng, “Effect of nickel phytate on
flame retardancy of intumescent flame retardant polylactic acid,” Polym. Adv.
Technol. 32(4), 1548-1559 (2020).

1548, H. Kang, X. Lu, J. P. Qu, and T. Yuan, “Synergistic effect of hollow glass
beads and intumescent flame retardant on improving the fire safety of biode-
gradable poly (lactic acid),” Polym. Degrad. Stab. 164, 167-176 (2019).

55Y. Y. Guan, X. Wen, H. F. Yang, L. P. Zhang, M. G. Li, J. Shao, Y. H. Li, and T.
Tang, ““One-pot’ synthesis of crosslinked silicone-containing macromolecular
charring agent and its synergistic flame retardant poly(l-lactic acid) with
ammonium polyphosphate,” Polym. Adv. Technol. 28(11), 1409-1417 (2017).

1561, Wei, Z. Zhu, X. Jin, Z. Dong, and R. Wang, “Influence of tris(2-hydrox-
yethyl)isocyanurate-based intumescent flame retardants on combustion per-
formance of polymers,” J. Text. Res. 38(9), 24-31 (2017).

57Y.J. Chen, W. Wang, Y. Qiu, L. S. Li, L. J. Qian, and F. Xin, “Terminal group
effects of phosphazene-triazine bi-group flame retardant additives in flame
retardant polylactic acid composites,” Polym. Degrad. Stab. 140, 166-175
(2017).

58X, Zhao, S. Gao, and G. S. Liu, “A THEIC-based polyphosphate melamine
intumescent flame retardant and its flame retardancy properties for polylac-
tide,” J. Anal. Appl. Pyrol. 122, 24-34 (2016).

59C, M. Feng, M. Y. Liang, J. L. Jiang, J. G. Huang, and H. B. Liu, “Flame retar-
dant properties and mechanism of an efficient intumescent flame retardant
PLA composites,” Polym. Adv. Technol. 27(5), 693-700 (2016).

REVIEW pubs.aip.org/aip/are

160X Li, M. Xu, and B. Li, “Preparation and properties of polylactic acid with tri-
azine intumescent flame retardant,” Plastics 45(4), 39 (2016).

161C. M. Feng, M. Y. Liang, Y. K. Zhang, J. L. Jiang, J. G. Huang, and H. B. Liu,
“Synergistic effect of lanthanum oxide on the flame retardant properties and
mechanism of an intumescent flame retardant PLA composites,” J. Anal. Appl.
Pyrol. 122, 241-248 (2016).

1625, Yuan, W. Chen, and G. Liu, “Effects of two kinds of THEIC-based charring
agents on flame-retardant properties of polylactide,” J. Appl. Polym. Sci.
132(24), 42086 (2015).

1637 Zhan, L. Wang, N. N. Hong, W. Z. Hu, J. Wang, L. Song, and Y. Hu,
“Flame-retardant and anti-dripping properties of intumescent flame-retardant
polylactide with different synergists,” Polym.-Plast. Technol. Eng. 53(4), 387-
394 (2014).

16"]. J. Wang, Q. Ren, W. G. Zheng, and W. T. Zhai, “Improved flame-retardant
properties of poly(lactic acid) foams using starch as a natural charring agent,”
Ind. Eng. Chem. Res. 53(4), 1422-1430 (2014).

165Y. W. Jia, X. Zhao, T. Fu, D. F. Li, Y. Guo, X. L. Wang, and Y. Z. Wang,
“Synergy effect between quaternary phosphonium ionic liquid and ammonium
polyphosphate toward flame retardant PLA with improved toughness,”
Composites, Part B 197, 108192 (2020).

168y, Xue, X. H. Zuo, L. K. Wang, Y. C. Zhou, Y. Pan, J. Y. Li, Y. F. Yin, D. H. Li,
R. J. Yang, M. H. Rafailovich, and Y. C. Guo, “Enhanced flame retardancy of
poly(lactic acid) with ultra-low loading of ammonium polyphosphate,”
Composites, Part B 196, 108124 (2020).

87T, Zhu, J. Guo, B. Fei, Z. Y. Feng, X. Y. Gu, H. F. Li, J. Sun, and S. Zhang,
“Preparation of methacrylic acid modified microcrystalline cellulose and their
applications in polylactic acid: Flame retardancy, mechanical properties, ther-
mal stability and crystallization behavior,” Cellulose 27(4), 2309-2323 (2020).

188D, F. Li, X. Zhao, Y. W. Jia, L. He, X. L. Wang, and Y. Z. Wang, “Dual effect of
dynamic vulcanization of biobased unsaturated polyester: Simultaneously
enhance the toughness and fire safety of poly(lactic acid),” Composites, Part B
175, 107069 (2019).

169y, Zhang, P. Y. Han, and Z. P. Fang, “Synthesis of phospholipidated-
cyclodextrin and its application for flame-retardant poly(lactic acid) with
ammonium polyphosphate,” J. Appl. Polym. Sci. 135(13), 46054 (2018).

179Y. Q. Sun, S. Shuai, C. Lei, L. N. Liu, P. A. Song, L. Wei, Y. M. Yu, F. Z. Lu, Q.
Jun, and W. Hao, “Flame retardant and mechanically tough poly(lactic acid)
biocomposites via combining ammonia polyphosphate and polyethylene gly-
col,” Compos. Commun. 6, 1-5 (2017).

171C. Chen, X. Y. Gu, X. D. Jin, J. Sun, and S. Zhang, “The effect of chitosan on
the flammability and thermal stability of polylactic acid/ammonium polyphos-
phate biocomposites,” Carbohydr. Polym. 157, 1586-1593 (2017).

172y J. Chen, X. J. Mao, L. J. Qian, and C. Z. Yang, “Flammability and anti-
dripping behaviors of polylactide composite containing hyperbranched triazine
compound,” Integr. Ferroelectr. 172(1), 10-24 (2016).

73X. W. Mu, B. H. Yuan, W. Z. Hu, S. L. Qiu, L. Song, and Y. Hu, “Flame retar-
dant and anti-dripping properties of polylactic acid/poly(bis(phenoxy)phos-
phazene)/expandable graphite composite and its flame retardant mechanism,”
RSC Adv. 5(93), 76068-76078 (2015).

174K, C. Cheng, S. C. Chang, Y. H. Lin, and C. C. Wang, “Mechanical and flame
retardant properties of polylactide composites with hyperbranched polymers,”
Compos. Sci. Technol. 118, 186-192 (2015).

73X, Zhou, J. Li, and Y. Wu, “Synergistic effect of aluminum hypophosphite and
intumescent flame retardants in polylactide,” Polym. Adv. Technol. 26(3),
255-265 (2015).

178y Kiuchi, M. Iji, T. Yanagisawa, and T. Shukichi, “Flame-retarding polylactic-
acid composite formed by dual use of aluminum hydroxide and phenol resin,”
Polym. Degrad. Stab. 109, 336-342 (2014).

777. Wei, C. Cai, Y. Huang, P. Wang, J. Song, L. Deng, and Y. Fu, “Eco-friendly
strategy to a dual-2D graphene-derived complex for poly (lactic acid) with
exceptional smoke suppression and low CO, production,” J. Clean. Prod. 280,
124433 (2021).

178y Chen, J. He, L. Xu, B. Xu, and L. Qian, “Mechanical properties and flame
retardancy of PLA composites containing zinc oxide and chain extender,”
J. Appl. Polym. Sci. 138(38), 50987 (2021).

7°H. Huang, D. Dong, W. Li, X. Zhang, L. Zhang, Y. Chen, X. Sheng, and X. Lu,
“Synergistic effect of MXene on the flame retardancy and thermal degradation

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-18

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.1007/s10853-017-1915-7
https://doi.org/10.1021/ie102566y
https://doi.org/10.1002/app.51199
https://doi.org/10.1016/j.polymdegradstab.2018.12.004
https://doi.org/10.1016/j.coco.2019.12.007
https://doi.org/10.1039/C7RA12582H
https://doi.org/10.1080/00150193.2018.1450045
https://doi.org/10.1080/14658011.2018.1534391
https://doi.org/10.1080/14658011.2018.1534391
https://doi.org/10.1002/app.46359
https://doi.org/10.1002/app.46359
https://doi.org/10.3390/molecules24081513
https://doi.org/10.3390/polym11010048
https://doi.org/10.1016/j.indcrop.2018.12.090
https://doi.org/10.1002/pat.5190
https://doi.org/10.1002/pat.5190
https://doi.org/10.1016/j.polymdegradstab.2019.04.013
https://doi.org/10.1002/pat.4017
https://doi.org/10.1016/j.polymdegradstab.2017.04.024
https://doi.org/10.1016/j.jaap.2016.10.029
https://doi.org/10.1002/pat.3743
https://doi.org/10.1016/j.jaap.2016.09.018
https://doi.org/10.1016/j.jaap.2016.09.018
https://doi.org/10.1002/app.42086
https://doi.org/10.1080/03602559.2013.844826
https://doi.org/10.1021/ie403041h
https://doi.org/10.1016/j.compositesb.2020.108192
https://doi.org/10.1016/j.compositesb.2020.108124
https://doi.org/10.1007/s10570-019-02931-x
https://doi.org/10.1016/j.compositesb.2019.107069
https://doi.org/10.1002/app.46054
https://doi.org/10.1016/j.coco.2017.07.005
https://doi.org/10.1016/j.carbpol.2016.11.035
https://doi.org/10.1080/10584587.2016.1175257
https://doi.org/10.1039/C5RA12701G
https://doi.org/10.1016/j.compscitech.2015.09.001
https://doi.org/10.1002/pat.3451
https://doi.org/10.1016/j.polymdegradstab.2013.05.013
https://doi.org/10.1016/j.jclepro.2020.124433
https://doi.org/10.1002/app.50987
pubs.aip.org/aip/are

Applied Physics Reviews

of intumescent flame retardant biodegradable poly (lactic acid) composites,”
Chin. J. Chem. Eng. 28(7), 1981-1993 (2020).

180X, W. Cao, X. N. Chi, X. Q. Deng, T. Liu, B. Yu, B. Wang, A. C. Y. Yuen, W.
Wu, and R. K. Y. Li, “Synergistic effect of flame retardants and graphitic car-
bon nitride on flame retardancy of polylactide composites,” Polym. Adv.
Technol. 31(7), 1661-1670 (2020).

'81L. J. Long, J. B. Yin, W. T. He, Y. S. Xiang, S. H. Qin, and J. Yu, “Synergistic
effect of different nanoparticles on flame retardant poly(lactic acid) with
bridged DOPO derivative,” Polym. Compos. 40(3), 1043-1052 (2019).

182X Y. Shan, J. Han, K. Y. Jiang, J. C. Li, and Z X. Xing, “Effect of
NiFe,O,@graphene in intumescent flame-retarded poly(lactic acid) compo-
sites,” Polym. Compos. 40(2), 652-656 (2019).

83p. Zhao, Z. Liu, M. Gehde, 1. Kuehnert, and A. Leuteritz, “Effect of
phosphorus-containing modified magnesium hydroxide on the mechanical
properties and flammability of PLA/MH composites,” Polymer 2055, 050004
(2019).

'84H. Vahabi, M. Shabanian, F. Aryanasab, F. Laoutid, S. Benali, M. R. Saeb, F.
Seidi, and B. K. Kandola, “Three in one: Beta-cyclodextrin, nanohydroxyapa-
tite, and a nitrogen-rich polymer integrated into a new flame retardant for
poly (lactic acid,” Fire Mater. 42(6), 593-602 (2018).).

'85X. Y. Shan, K. Y. Jiang, Y. Song, and J. C. Li, “Flame resistance of polylactic
acid with cyclophosphazene derivative and NiAl layered double hydroxide
doped Zn,” Polym. Compos. 39(11), 3994-3999 (2018).

186K, Malkappa, J. Bandyopadhyay, and S. S. Ray, “Thermal degradation charac-
teristic and flame retardancy of polylactide-based nanobiocomposites,”
Molecules 23(10), 2648 (2018).

87M. Zhang, Y. Gao, Y. X. Zhan, X. Q. Ding, M. Wang, and X. L. Wang,
“Preparing the degradable, flame-retardant and low dielectric constant nano-
composites for flexible and miniaturized electronics with poly(lactic acid),
nano ZIF-8@GO and resorcinol di(phenyl phosphate),” Materials 11(9), 12
(2018).

'88W. Yang, B. Tawiah, C. Yu, Y. F. Qian, L. L. Wang, A. C. Y. Yuen, S. E. Zhu, E.
Z.Hu, T. B. Y. Chen, B. Yu, H. D. Lu, G. H. Yeoh, X. Wang, L. Song, and Y.
Hu, “Manufacturing, mechanical and flame retardant properties of poly(lactic
acid) biocomposites based on calcium magnesium phytate and carbon nano-
tubes,” Composites, Part A 110, 227-236 (2018).

1897, Suparanon, N. Phusunti, and W. Phetwarotai, “Properties and characteris-
tics of polylactide blends: Synergistic combination of poly(butylene succinate)
and flame retardant,” Polym. Adv. Technol. 29(2), 785-794 (2018).

'99] Jing, Y. Zhang, X. L. Tang, X. N. Li, M. Peng, and Z. P. Fang, “Combination
of a bio-based polyphosphonate and modified graphene oxide toward superior
flame retardant polylactic acid,” RSC Adv. 8(8), 4304-4313 (2018).

'91G. Tang, D. Deng, J. Chen, K. Q. Zhou, H. Zhang, X. J. Huang, and Z. J. Zhou,
“The influence of organo-modified sepiolite on the flame-retardant and ther-
mal properties of intumescent flame-retardant polylactide composites,”
J. Therm. Anal. Calorim. 130(2), 763-772 (2017).

92M. Coban, S. Hazer, and A. Aytac, “Investigation of the effects of carbonic
agent and nanoclay on the properties of the polylactic acid-based nanocompo-
sites,” Sci. Iran. 24(6), 3074-3080 (2017).

193X, Shan, J. Li, and Y. Song, “Effect of nickel ferrite on intumescent flame
retarded polylactic acid composite,” Plastics 46(4), 50-53 (2017).

194y D. Hu, P. Xu, H. G. Gui, X. X. Wang, and Y. S. Ding, “Effect of imidazolium
phosphate and multiwalled carbon nanotubes on thermal stability and flame
retardancy of polylactide,” Composites, Part A 77, 147-153 (2015).

195X, G. Wang, S. H. Wang, W. J. Wang, H. F. Li, X. D. Liu, X. Y. Gu, S.
Bourbigot, Z. W. Wang, J. Sun, and S. Zhang, “The flammability and mechani-
cal properties of poly (lactic acid) composites containing Ni-MOF nanosheets
with polyhydroxy groups,” Composites, Part B 183, 107568 (2020).

'96M. Zhang, X. Q. Ding, Y. X. Zhan, Y. T. Wang, and X. L. Wang, “Improving
the flame retardancy of poly(lactic acid) using an efficient ternary hybrid flame
retardant by dual modification of graphene oxide with phenylphosphinic acid
and nano MOFs,” |. Hazard. Mater. 384, 121260 (2020).

197y, Zhou, B. Tawiah, N. Noor, Z. Zhang, J. Sun, R. K. K. Yuen, and F. Bin, “A
facile and sustainable approach for simultaneously flame retarded, UV protec-
tive and reinforced poly(lactic acid) composites using fully bio-based complex-
ing couples,” Composites, Part B 215, 108833 (2021).

REVIEW pubs.aip.org/aip/are

198y, Zhang, Y. Hu, J. Wang, W. Tian, K. M. Liew, Y. Zhang, and B. Wang,
“Engineering carbon nanotubes wrapped ammonium polyphosphate for
enhancing mechanical and flame retardant properties of poly(butylene succi-
nate),” Composites, Part A 115, 215-227 (2018).

199X Yue, S. Zhang, Y. Xu, Z. Wang, and L. Meng, “Influence of core-shell struc-
ture and cladding sequence of microencapsulated ammonium polyphosphate
on the flame-resistant and smoke inhibition efficiency for PBAT composites,”
J. Polym. Environ. 31, 4752-4769 (2023).

200G, W. Ran, X. D. Liu, J. Guo, J. Sun, H. F. Li, X. Y. Gu, and S. Zhang,
“Improving the flame retardancy and water resistance of polylactic acid by
introducing polyborosiloxane microencapsulated ammonium polyphos-
phate,” Composites, Part B 173, 106772 (2019).

20% W, Shi, Y. Q. Ju, M. Zhang, and X. L. Wang, “The intumescent flame-
retardant biocomposites of poly(lactic acid) containing surface-coated ammo-
nium polyphosphate and distiller’s dried grains with solubles (DDGS),” Fire
Mater. 42(2), 190-197 (2018).

202 Zhao, L. Chen, D. F. Li, T. Fu, L. He, X. L. Wang, and Y. Z. Wang,
“Biomimetic construction peanut-leaf structure on ammonium polyphosphate
surface: Improving its compatibility with poly(lactic acid) and flame-retardant
efficiency simultaneously,” Chem. Eng. J. 412, 128737 (2021).

203y Zhang, Z. Q. Xiong, H. D. Ge, L. K. Ni, T. Zhang, S. Q. Huo, P. G. Song,
and Z. P. Fang, “Core-shell bioderived flame retardants based on chitosan/
alginate coated ammonia polyphosphate for enhancing flame retardancy of
polylactic acid,” ACS Sustainable Chem. Eng. 8(16), 6402-6412 (2020).

204K Decsov, K. Bocz, B. Szolnoki, S. Bourbigot, G. Fontaine, D. Vadas, and G.
Marosi, “Development of bioepoxy resin microencapsulated ammonium-
polyphosphate for flame retardancy of polylactic acid,” Molecules 24(22), 23
(2019).

205X D. Jin, S. P. Cui, S. B. Sun, X. Y. Gu, H. F. Li, X. D. Liu, W. F. Tang, J. Sun,
S. Bourbigot, and S. Zhang, “The preparation of a bio-polyelectrolytes based
core-shell structure and its application in flame retardant polylactic acid com-
posites,” Composites, Part A 124, 105485 (2019).

2067 Q. Xiong, Y. Zhang, X. Y. Du, P. A. Song, and Z. P. Fang, “Green and scal-
able fabrication of core-shell biobased flame retardants for reducing flamma-
bility of polylactic acid,” ACS Sustainable Chem. Eng. 7(9), 8954-8963 (2019).

207Q). Zhang, W. Wang, X. Gu, H. Li, X. Liu, J. Sun, and S. Zhang, “Is there any
way to simultaneously enhance both the flame retardancy and toughness of
polylactic acid,” Polym. Compos. 40(3), 932-941 (2019).

208y Zhao, C. Lu, and S. Cheng, “Effect of resin encapsulation ratio on proper-
ties of microencapsulated ammonium polyphosphate and polylactide flame
retardant blends,” J. East China Univ. Sci. Technol. 43(2), 193-202 (2017).

209y 1. Chen, L. F. Xu, X. D. Wu, and B. Xu, “The influence of nano ZnO coated

by phosphazene/triazine bi-group molecular on the flame retardant property
and mechanical property of intumescent flame retardant poly (lactic acid)

composites,” Thermochim. Acta 679, 8 (2019).

]. Jing, Y. Zhang, Z. P. Fang, and D. Y. Wang, “Core-shell flame retardant/gra-

phene oxide hybrid: A self-assembly strategy towards reducing fire hazard and

improving toughness of polylactic acid,” Compos. Sci. Technol. 165, 161-167

(2018).

2y, Q. Ju, T. W. Wang, Y. Huang, L. Zhou, Y. Y. Yang, F. H. Liao, and X. L.

Wang, “The flame-retardance polylactide nanocomposites with nano attapul-
gite coated by resorcinol bis(diphenyl phosphate),” J. Vinyl Addit. Technol.
22(4), 506-513 (2016).

212y, Yu, C. Ma, H. Zhang, Y. Zhang, Z. Fang, R. Song, Z. Lin, J. Feng, and P.
Song, “Combination effects of a bio-based fire retardant and functionalized
graphene oxide on a fire retardant and mechanical properties of polylactide,”
Mater. Today Chem. 30, 101565 (2023).

2%y Yu, Y. Zhang, L. Xi, Z. Zhao, S. Huo, G. Huang, Z. Fang, and P. Song,
“Interface nanoengineering of a core-shell structured biobased fire retardant
for fire-retarding polylactide with enhanced toughness and UV protection,”
J. Clean. Prod. 336, 130372 (2022).

2141, F. Xu, X. W. Tan, R. J. Xu, J. Y. Xie, and C. H. Lei, “Influence of functional-
ized molybdenum disulfide (MoS2) with triazine derivatives on the thermal
stability and flame retardancy of intumescent Poly(lactic acid) system,” Polym.
Compos. 40(6), 2244-2257 (2019).

Z1%Y. Zhou, Y. Lin, B. Tawiah, J. Sun, R. K. K. Yuen, and B. Fei, “DOPO-deco-
rated two-dimensional MXene nanosheets for flame-retardant, ultraviolet-

210

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-19

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.1016/j.cjche.2020.04.014
https://doi.org/10.1002/pat.4894
https://doi.org/10.1002/pat.4894
https://doi.org/10.1002/pc.24791
https://doi.org/10.1002/pc.24702
https://doi.org/10.1063/1.5084823
https://doi.org/10.1002/fam.2513
https://doi.org/10.1002/pc.24446
https://doi.org/10.3390/molecules23102648
https://doi.org/10.3390/ma11091756
https://doi.org/10.1016/j.compositesa.2018.04.027
https://doi.org/10.1002/pat.4184
https://doi.org/10.1039/C7RA12224A
https://doi.org/10.1007/s10973-017-6425-y
https://doi.org/10.1016/j.compositesa.2015.06.025
https://doi.org/10.1016/j.compositesb.2019.107568
https://doi.org/10.1016/j.jhazmat.2019.121260
https://doi.org/10.1016/j.compositesb.2021.108833
https://doi.org/10.1016/j.compositesa.2018.09.020
https://doi.org/10.1007/s10924-023-02917-8
https://doi.org/10.1016/j.compositesb.2019.04.033
https://doi.org/10.1002/fam.2479
https://doi.org/10.1002/fam.2479
https://doi.org/10.1016/j.cej.2021.128737
https://doi.org/10.1021/acssuschemeng.0c00634
https://doi.org/10.3390/molecules24224123
https://doi.org/10.1016/j.compositesa.2019.105485
https://doi.org/10.1021/acssuschemeng.9b01016
https://doi.org/10.1002/pc.24764
https://doi.org/10.1016/j.tca.2019.178336
https://doi.org/10.1016/j.compscitech.2018.06.024
https://doi.org/10.1002/vnl.21469
https://doi.org/10.1016/j.mtchem.2023.101565
https://doi.org/10.1016/j.jclepro.2022.130372
https://doi.org/10.1002/pc.25032
https://doi.org/10.1002/pc.25032
pubs.aip.org/aip/are

Applied Physics Reviews

protective, and reinforced polylactide composites,” ACS Appl. Mater.
Interfaces 13(18), 21876-21887 (2021).

2165 1, Alves, P. Rosa, V. Realinho, M. Antunes, J. I. Velasco, and A. R. Morales,
“The effect of Brazilian organic-modified montmorillonites on the thermal sta-
bility and fire performance of organoclay-filled PLA nanocomposites,” Appl.
Clay Sci. 194, 105697 (2020).

217y, F. Zhou, J. L. Huang, J. L. Wang, F. K. Chu, Z. M. Xu, W. Z. Hu, and Y. Hu,
“Rationally designed functionalized black phosphorus nanosheets as new fire
hazard suppression material for polylactic acid,” Polym. Degrad. Stab. 178,
109194 (2020).

218X, Wen, Z. Q. Liu, Z. Li, J. Zhang, D. Y. Wang, K. Szymanska, X. C. Chen, E.
Mijowska, and T. Tang, “Constructing multifunctional nanofiller with reactive
interface in PLA/CB-g-DOPO composites for simultaneously improving flame
retardancy, electrical conductivity and mechanical properties,” Compos. Sci.
Technol. 188, 107988 (2020).

Z19M. Hajibeygi and S. Shafiei-Navid, “Design and preparation of poly(lactic
acid) hydroxyapatite nanocomposites reinforced with phosphorus-based
organic additive: Thermal, combustion, and mechanical properties studies,”
Polym. Adv. Technol. 30(9), 2233-2249 (2019).

229C_ Guo, F. Xin, C. C. Zhai, and Y. Chen, “Flammability and thermal properties
of modified carbon nanotubes in poly(lactic acid),” J. Thermoplast. Compos.
Mater. 32(8), 11071122 (2019).

2215 Y. Ran, F. Fang, Z. H. Guo, P. A. Song, Y. F. Cai, Z. P. Fang, and H. Wang,
“Synthesis of decorated graphene with P, N-containing compounds and its
flame retardancy and smoke suppression effects on polylactic acid,”
Composites, Part B 170, 41-50 (2019).

222p_Jiang, S. Zhang, S. Bourbigot, Z. L. Chen, S. Duquesne, and M. Casetta,
“Surface grafting of sepiolite with a phosphaphenanthrene derivative and its
flame-retardant mechanism on PLA nanocomposites,” Polym. Degrad. Stab.
165, 68-79 (2019).

2231, F. Xu, X. D. Wu, L. S. Li, and Y. J. Chen, “Synthesis of a novel polyphospha-
zene/triazine bi-group flame retardant in situ doping nano zinc oxide and its
application in poly (lactic acid) resin,” Polym. Adv. Technol. 30(6), 1375-
1385 (2019).

224R. Gao, S. G. Wang, K. Q. Zhou, and X. D. Qian, “Mussel-inspired decoration
of Ni(OH), nanosheets on 2D MoS, towards enhancing thermal and flame
retardancy properties of poly(lactic acid),” Polym. Adv. Technol. 30(4), 879-
888 (2019).

225X, X. Shi, X. F. Peng, J. Y. Zhu, G. Y. Lin, and T. R. Kuang, “Synthesis of
DOPO-HQ-functionalized graphene oxide as a novel and efficient flame retar-
dant and its application on polylactic acid: Thermal property, flame retard-
ancy, and mechanical performance,” J. Colloid Interface Sci. 524, 267-278
(2018).

2261, Q. Gu, J. H. Qiu, Y. W. Yao, E. Sakai, and L. T. Yang, “Functionalized
MWCNTSs modified flame retardant PLA nanocomposites and cold rolling
process for improving mechanical properties,” Compos. Sci. Technol. 161,
39-49 (2018).

2277, 1i, D. F. Exposito, A. J. Gonzalez, and D. Y. Wang, “Natural halloysite
nanotube based functionalized nanohybrid assembled via phosphorus-
containing slow release method: A highly efficient way to impart flame retard-
ancy to polylactide,” Eur. Polym. ]. 93, 458-470 (2017).

228y Cao, Y. Q. Ju, F. H. Liao, X. X. Jin, X. Dai, J. W. Li, and X. L. Wang,
“Improving the flame retardancy and mechanical properties of poly(lactic
acid) with a novel nanorod-shaped hybrid flame retardant,” RSC Adv. 6(18),
14852-14858 (2016).

REVIEW pubs.aip.org/aip/are

229\, Zhang, X. W. Shi, X. Dai, C. A. Huo, J. Xie, X. Li, and X. L. Wang,
“Improving the crystallization and fire resistance of poly(lactic acid) with
nano-ZIF-8@GO,” |. Mater. Sci. 53(9), 7083-7093 (2018).

250y B. Hou, L. X. Liu, S. L. Qiu, X. Zhou, Z. Gui, and Y. Hu, “DOPO-modified
two-dimensional co-based metal-organic framework: Preparation and applica-
tion for enhancing fire safety of poly(lactic acid,” ACS Appl. Mater. Interfaces
10(9), 8274-8286 (2018).

231X, W. Shi, X. Dai, Y. Cao, J. W. Li, C. G. Huo, and X. L. Wang, “Degradable
poly(lactic acid)/metal-organic framework nanocomposites exhibiting good
mechanical, flame retardant, and dielectric properties for the fabrication of dis-
posable electronics,” Ind. Eng. Chem. Res. 56(14), 3887-3894 (2017).

252W. D. Yin, L. Chen, P. A. Song, J. F. Dai, and L. H. Meng, “Mechanically
robust, flame-retardant poly(lactic acid) biocomposites via combining cellu-
lose nanofibers and ammonium polyphosphate,” ACS Omega 3(5), 5615-
5626 (2018).

#32B. Tawiah, B. Yu, R. K. K. Yuen, Y. Hu, R. C. Wei, J. H. Xin, and B. Fei,
“Highly efficient flame retardant and smoke suppression mechanism of boron
modified graphene oxide/poly(lactic acid) nanocomposites,” Carbon 150, 8-
20 (2019).

2341, Jia, W. C. Zhang, B. Tong, and R. J. Yang, “Crystallization, flame-retardant,
and mechanical behaviors of poly(lactic acid)\9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide-calcium montmorillonite nanocomposite,”
J. Appl. Polym. Sci. 136(3), 46982 (2019).

235, Zhang, Y. X. Yan, W. J. Wang, X. Y. Gu, H. F. Li, J. H. Li, and J. Sun,
“Intercalation of phosphotungstic acid into layered double hydroxides by
reconstruction method and its application in intumescent flame retardant
poly (lactic acid) composites,” Polym. Degrad. Stab. 147, 142-150 (2018).

236y, Yan, X. Gu, L. Li, H. Li, J. Sun, and S. Zhang, “Preparation and characteri-
zation of intumescent flame retardant biodegradable poly(lactic acid) nano-
composites based on sulfamic acid intercalated layered double hydroxides,”
Fiber. Polym. 18(11), 2060-2069 (2017).

237X. D. Jin, X. Y. Gu, C. Chen, W. F. Tang, H. F. Li, X. D. Liu, S. Bourbigot, Z.
W. Zhang, J. Sun, and S. Zhang, “The fire performance of polylactic acid con-
taining a novel intumescent flame retardant and intercalated layered double
hydroxides,” J. Mater. Sci. 52(20), 12235-12250 (2017).

238(). Koklitkaya, F. Carosio, and L. Wigberg, “Superior flame-resistant cellulose
nanofibril aerogels modified with hybrid layer-by-layer coatings,” ACS Appl.
Mater. Interfaces 9(34), 29082-29092 (2017).

239C, Zheng, D. Li, and M. Ek, “Improving fire retardancy of cellulosic thermal
insulating materials by coating with bio-based fire retardants,” Nord. Pulp.
Pap. Res. ]. 34(1), 96-106 (2019).

2405 M. He, F. Wang, L. Zhang, J. Y. Zhang, E. R. Zeng, B. W. Liu, Y. B. Luo, Y.
Z. Wang, and H. B. Zhao, “Quick and efficient flame-retardant, antibacterial
and antifungal treatment for high-performance cellulose paper,” Prog. Org.
Coat. 185, 107947 (2023).

241B, Palen, M. G. Rabaey, D. Rodriguez-Melendez, E. T. Iverson, T. J. Kolibaba,
and J. C. Grunlan, “Polymeric coacervate coating for flame retardant paper,”
Cellulose 29(8), 4589-4597 (2022).

2425 Y. Chan, L. Si, K. I. Lee, P. F. Ng, L. Chen, B. Yu, Y. Hu, R. K. K. Yuen, J. H.
Xin, and B. Fei, “A novel boron-nitrogen intumescent flame retardant coating
on cotton with improved washing durability,” Cellulose 25(1), 843-857
(2018).

2431, Sun, H. Wang, W. Li, J. Zhang, Z. Zhang, Z. Lu, P. Zhu, and C. Dong,
“Preparation, characterization and testing of flame retardant cotton cellulose
material: flame retardancy, thermal stability and flame-retardant mechanism,”
Cellulose 28(6), 3789-3805 (2021).

Appl. Phys. Rev. 11, 031321 (2024); doi: 10.1063/5.0210839
Published under an exclusive license by AIP Publishing

11, 031321-20

§2:92:20 ¥20z Joquaydas oL


https://doi.org/10.1021/acsami.1c05587
https://doi.org/10.1021/acsami.1c05587
https://doi.org/10.1016/j.clay.2020.105697
https://doi.org/10.1016/j.clay.2020.105697
https://doi.org/10.1016/j.polymdegradstab.2020.109194
https://doi.org/10.1016/j.compscitech.2019.107988
https://doi.org/10.1016/j.compscitech.2019.107988
https://doi.org/10.1002/pat.4652
https://doi.org/10.1177/0892705718785678
https://doi.org/10.1177/0892705718785678
https://doi.org/10.1016/j.compositesb.2019.04.037
https://doi.org/10.1016/j.polymdegradstab.2019.04.012
https://doi.org/10.1002/pat.4570
https://doi.org/10.1002/pat.4521
https://doi.org/10.1016/j.jcis.2018.04.016
https://doi.org/10.1016/j.compscitech.2018.03.033
https://doi.org/10.1016/j.eurpolymj.2017.06.021
https://doi.org/10.1039/C5RA25112E
https://doi.org/10.1007/s10853-018-2049-2
https://doi.org/10.1021/acsami.7b19395
https://doi.org/10.1021/acs.iecr.6b04204
https://doi.org/10.1021/acsomega.8b00540
https://doi.org/10.1016/j.carbon.2019.05.002
https://doi.org/10.1002/app.46982
https://doi.org/10.1016/j.polymdegradstab.2017.12.004
https://doi.org/10.1007/s12221-017-1153-2
https://doi.org/10.1007/s10853-017-1354-5
https://doi.org/10.1021/acsami.7b08018
https://doi.org/10.1021/acsami.7b08018
https://doi.org/10.1515/npprj-2018-0031
https://doi.org/10.1515/npprj-2018-0031
https://doi.org/10.1016/j.porgcoat.2023.107947
https://doi.org/10.1016/j.porgcoat.2023.107947
https://doi.org/10.1007/s10570-022-04594-7
https://doi.org/10.1007/s10570-017-1577-2
https://doi.org/10.1007/s10570-020-03632-6
pubs.aip.org/aip/are



