IntechOpen

Flame Retardant
and Thermally Insulating
Polymers

Edited by Yanfei Xu







Flame Retardant
and Thermally Insulating

Polymers
Edited by Yanfei Xu

Published in London, United Kingdom




C
o
Q.
@)
L
&)
o
)
£




Supporting open minds since 2005




Flame Retardant and Thermally Insulating Polymers
http:/dx.doi.org/10.5772/intechopen. 91119
Edited by Yanfei Xu

Contributors

Chanchal Kumar Kundu, Zhiwei Li, Lei Song, Yuan Hu, Sanjiv Sonakaria, Hyun-Joong Kim, Daniel
Dobslaw, Bertram Kuch, Christine Woiski, Martina Kiel, Devaraju Subramnai, Muthukaruppan Alagar,
Krishnamoorthy Krishnadevi, Yanfei Xu

© The Editor(s) and the Author(s) 2021

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www.intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2021 by IntechOpen

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Flame Retardant and Thermally Insulating Polymers
Edited by Yanfei Xu

p.cm.

Print ISBN 978-1-83968-714-3

Online ISBN 978-1-83968-715-0

eBook (PDF) ISBN 978-1-83968-716-7



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

54®®+ 133,000+ 165M+

ailable International authors and editor: Downloads

Our authors are among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Yanfei Xu joined the Mechanical and Industrial Engineering De-
partment at the University of Massachusetts (UMass) Amherst
as an assistant professor in 2019. She became an adjunct assistant
professor in the Chemical Engineering Department in the fall of
2020. Before joining UMass, she was a postdoctoral researcher

in the Mechanical Engineering Department at the Massachusetts
Institute of Technology (MIT). Before joining MIT, she passion-
ately pursued GENIUS research funded by the European Commission and secured
Marie-Curie Fellowships with major European institutions and companies. Dr. Xu
received a Ph.D. in Organic Chemistry from Nankai University, China.







Contents

Preface

Chapter1

Introductory Chapter: Flame Retardant and Thermally Insulating Polymers

by Yanfei Xu

Chapter2

Nanoscale Configuration of Clay-Interlayer Chemistry: A Precursor
to Enhancing Flame Retardant Properties

by Sanjiv Sonkaria and Hyun Joong Kim

Chapter 3

Development of Halogen Free Sustainable Polybenzoxazine Matrices
and Composites for Flame Retardant Applications

by Subvamani Devaraju, Krishnamoorthy Krishnadevi

and Muthukaruppan Alagar

Chapter 4
Plant Uptake, Translocation and Metabolism of PBDEs in Plants
by Daniel Dobslaw, Bertram Kuch, Christine Woiski and Martina Kiel

Chapter 5

Flame Retardant Treatments of Nylon Textiles: A Shift towards Eco-Friendly

Approaches
by Chanchal Kumar Kundu, Zhiwei Li, Lei Song and Yuan Hu

XIII

37

67

89






Preface

Polymers have entered almost every aspect of modern life, thanks to their
unparalleled properties such as lightweight, chemical resistance, electrical
insulation, and easy processing, to name a few [1, 2]. However, common polymers
are flammable because of their chemical structures, which consist of hydrogen
and carbon atoms [3-5]. Inflammability properties in polymers are important for
specific applications such as building insulation, aerospace parts, and firefighter
uniforms [6]. To address polymer flammability issues, adding flame retardants
into polymers is common [5, 7-13]. However, for traditional flame-retardant
additives, high loading is usually needed to meet flame retardancy demands, which
can lead to deteriorated mechanical properties and environmental issues [14-16].
Fire protection becomes crucial. Developing novel sustainable flame retardants is
important [17, 18].

In addition to high flame retardancy, polymers with superior resistance to heat are
essential for preventing burn injury under extreme conditions [19-23]. Common
thermal insulation materials work by reducing conductive heat flow and, to a lesser
extent, convective heat flow [24]. Radiant barriers and reflective insulation systems
work by reducing radiant heat gain [24]. Thermally insulative materials could
reduce the heat release rate [6]. Developing multifunctional polymers with excel-
lent flame retardancy and superior thermal insulation is of fundamental interest
and technological importance [10]. Thermal insulation properties can be improved
by manipulating porous nanostructures in polymers to reduce solid conductivity,
gaseous conductivity, and radiation heat transfer [25]. Advanced multifunctional
polymers with low thermal conductivity on the order of 0.01 W m-1 K-1 have

been developed [9, 19, 22, 26-34]. Various polymer foams, polymeric sponges, and
composite aerogels with good thermal insulation and fireproof properties have
been reported [10, 19, 22, 27, 35-44]. Formed char materials can also act as thermal
insulation layers [45-47]. The thermal conductivity of char layers varies along with
the evolution of the intumescent structures [47, 48]. Further investigation into the
relationships between flame retardancy behaviors and polymer structures is needed
[49]. Boosting flame retardancy and thermal insulation performance in polymers
without deteriorating their mechanical property (e.g., compressive strength) and
releasing toxic gases/products is highly desired [50-57].

Over the past decades, different flame retardants have been developed [6, 7, 20,

28, 33, 58-60]. Heat transfer influences processes in the ignition, growth, spread,
decay, and extinction of fire [61, 62]. Flame retardants act either in the vapor phase
or condensed phase to inhibit or to stop combustion processes through a chemical
and/or physical mechanism [5, 60]. The flammability of polymer is also dependent
on fire conditions — the transport of oxygen from the environment to the burning
surface [26, 62, 63]. The polymer flammability behaviors have been explored by
their ignitability, flame-spread rate, and heat release characterizations [64, 65].
Depending on the targeted polymer application, one or more specific flammability
criteria need to be satisfied. Fame retardancy properties can be evaluated by various
tests, which include limiting oxygen index, vertical burning test, cone calorimeter
test, among others [66].



There are pioneering books and reviews for flame-retardant polymers. This book
presents recent advances in the development of eco-friendly, flame-retardant, and
thermally insulative polymer-based materials. It focuses not only on the develop-
ments of new eco-friendly, nontoxic, and high-performance flame retardants, but
it also examines flame retardant behaviors in polymers. The introductory chapter
“Flame Retardant and Thermally Insulating Polymers” highlights that, in addition
to having superior flame retardancy, eco-friendly polymer-based materials with
extraordinary thermal insulation and excellent mechanical strength are highly
desired for unforeseen and existing applications such as building insulation and
vehicle parts. Chapter 2, “Nanoscale Configuration of Clay-Interlayer Chemistry:
A Precursor to Enhancing Flame Retardant Properties”, presents the fundamentals
of flame retardant behaviors and highlights how flame propagations are suppressed
by chemical reactions between substances. Chapter 3, “Development of Halogen
Free Sustainable Polybenzoxazine Matrices and Composites for Flame Retardant
Applications”, focuses on the design and synthesis of non-halogen, environmen-
tally friendly, bio-based flame retardants. To evaluate these halogen-free flame
retardant properties, the chapter presents limiting oxygen index and UL 94 vertical
flammability test results. Chapter 4, “Plant Uptake, Translocation and Metabolism
of PBDEs in Plants”, emphasizes health and environmental issues caused by
brominated flame retardants and highlights the development of innovative flame
retardants. Chapter 5, “Flame Retardant Treatments of Nylon Textiles: A Shift
towards Eco-Friendly Approaches,” addresses how to design and develop sustain-
able, efficient, and durable flame retardants for nylon textiles, which are some of
the most widely used polymers for industrial uses.

I would like to thank all the authors for their individual chapter contributions that
made this book possible. I would also like to thank the reviewers who gave so much
of their effort and time to review chapters, as well as the editors at IntechOpen who
provided great support throughout the publication of this book.

Yanfei Xu
Mechanical and Industrial Engineering Department,
Chemical Engineering Department,

University of Massachusetts Amherst,
USA
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Chapter1

Introductory Chapter: Flame
Retardant and Thermally
Insulating Polymers

Yanfei Xu

1. Introduction

Flame retardant and thermally insulative polymers are of technological impor-
tance and fundamental interest [1, 2]. Polymers continue to infiltrate modern tech-
nologies such as aviation, automotive industry, building construction, electronics, to
name a few, thanks to their unique combination of properties not available from any
other known materials [3]. Polymers are lightweight, durable, easy to process, elec-
trically insulative and corrosion resistant [4]. Common polymers are also thermally
insulative [5]. However, polymers are combustible because of their chemical struc-
tures that are made up by carbon and hydrogen atoms [6-8]. To meet flammability
standards, flame retardants for fireproof polymers have been developed [9, 10].

To protect human life and property, flame retardant polymers are generally
made by adding flame retardants into polymers [11, 12]. There are drawbacks
in common halogenated flame retardants, which associate with the release
of toxic or corrosive by-products [13-18]. There are environment and health
concerns caused by these released toxic gases [19]. Therefore, developing high-
performance, non-toxic, low-cost, and environmentally friendly flame retardants
are needed [19, 20]. Understanding mechanisms for fire retardancy is essential
for developing new effective flame retardants. Improving fire retardant behaviors
of polymers play key roles in future industrial applications such as furnishings,
transportation products and building construction materials [9, 21-25].

Over the past decades, different flame retardants for polymers have been devel-
oped [20]. Mechanisms of polymer flame retardancy have been further investigated
[9, 20, 26, 27]. Flame retardants have been generally broken into categories based on
chemical compositions, which are grouped based on whether they contain bromine,
chlorine, phosphorus, nitrogen, boron, or inorganic fillers (metals, etc.) [28]. It is
widely recognized that all categories of flame retardants act either in vapor phase or
condensed phase to inhibit or to stop combustion processes through a chemical and/
or physical mechanism [29]. Flame retardants can interfere with combustion during
a particular stage, e.g., during heating, pyrolysis, ignition, or flame spread [9, 20,
27, 30]. Flame retardants can either act chemically (reaction in the condensed or
gas phase) and/or physically (by cooling, formation of a protective layer or fuel
dilution) [17]. The polymer flammability properties have been investigated by their
ignitability, flame spread and heat release characterizations [20]. Depending on the
targeted application of polymers, one or more of specific flammability criteria (e.g.
ASTM’s fire and flammability standards) need to be satisfied [31].

In addition to flame retardancy, thermal insulation property of polymers can
be another significant function that can defend targets against heat damage and
save lives [32-35]. Fully understanding the flame retardance and thermal insulation

1 IntechOpen
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mechanisms in polymers remain challenging. Advanced polymers with combined
properties of flame retardancy, mechanical strength and heat insulation are needed.
Such polymers will provide broader prospect in civil applications than single-
function polymers, for example, building insulation applications [36-38].

This introductory chapter not only aims to present the current landscape flame
retardant and thermally insulative polymers, but also highlights next generation of
flame retardant and thermally insulative polymers for fire protections applications.
This introductory chapter summarize fundamental interests and technological
importance of flame retardant and thermally insulative polymers, which include
principles of polymer flammability, theory of flame retardance, thermally insula-
tive and fire-retardant polymers, and critical discussion and outlook.

2. History and perspective of flame retardant and thermally insulative
polymers

2.1 Principles of polymer flammability

Three ingredients — heat, oxygen, and fuel — are required to initiate and
continue a fire [12]. Polymer starts to degrade, when it is heated by external ignition
sources and reaches a characteristic temperature [39]. The surrounding oxygen
amount plays key roles on polymer surface decompositions (e.g., thermo-oxidative
degradation of polymers and/or thermal degradation of polymers). The amount
of oxygen for polymer decomposition depends on the specific polymer used.
Combustible gases as fuels may be produced at a rate dependent upon polymer
decomposition rate and diffuse to the flame front [12]. After ignition and removal
of the ignition source, combustion could be self-propagating if there is sufficient
heat generated and polymer can absorb enough heat to sustain its decomposition
processes. Polymer combustion processes could involve vapor phase and condensed
phase reactions [39].

2.2 Theory of flame retardance
2.2.1 Vapor phase flame inhibition

The combustion process of premixed methane-oxygen flame is well investigated
[40, 41]. The methane oxygen system can be used as a model for studying more
complex polymer flames [41, 42]. Methane combustion is a free-radical chain
reaction, which mainly consists of propagation, chain branching, and termination
processes [43]. Any flame-retardant material which either decreases the concentra-
tion of these chain carrying radicals or increases the rate of termination will inhibit
the flame reaction. This is thought to be mechanisms by which vapor phase flame
inhibitors [39, 44].

2.2.2 Condensed phase flame inhibition

Cooling and char barrier formation are two main modes in solid phase flame
inhibition [39, 44, 45]. We discuss cooling mode first. One important cooling mode
used in condensed phase flame inhibition is the use of materials which decompose
endothermically in the pyrolysis zone of the burning polymer [39]. For example,
due to polyvinyl alcohol’s ability to endothermically form water molecules, polyvi-
nyl alcohol is less flammable than the isomeric polyethylene oxide [39, 46]. During
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polymer burning processes, cooling mode can be also achieved by adding thermally
conductive fillers into polymers [39]. Fillers have higher thermal conductivities
than that of polymers. Fillers conduct heat better than polymers. Fillers conduct
heat away from hot regions more efficiently than unfilled polymers. Fillers enable
polymer-filler composites difficult to burn. However, fillers at high volume frac-
tion loadings are needed for good cooling effect, which might lead to limited use
[39, 47]. Dripping is another cooling mechanism [39, 48]. Polymers that drip easily
during burning processes are more difficult to burn. For example, a regular candle
will not burn with no wick, due to its high dripping tendency. This is because heat is
dissipated from flaming areas. However, dripping could be a hazard by resulting in
the spreading of a fire and thus of limited use [39, 49].

2.3 Thermally insulative polymers with high flame retardancy

Thermally insulative polymer-based materials with high flame retardancy are
attracting significant attention [50]. This is because thermally insulative materi-
als can protect overheating damage from burn injuries and save lives [34, 51-58].
There are drawbacks for available fire-resistant polymers. Some flame retardant
polymers could be expensive [57]. Some flame retardant polymers have relatively
low decomposition temperatures and decompose nearby 400°C [57]. Thus, highly
thermally insulative, thermally stable and flame retardant polymer-based materials
are desired for advanced thermal management applications [17, 50, 57].

Flame retardant and thermally insulative polymer-based composites have
been developed [50, 56, 59-62]. For example, PC-PDMS copolymers have flame-
retardant behaviors. Chars can prevent more volatile fuel production and serve as
a thermal insulator preventing the temperature from rising [59]. When a specimen
of PC-PDMS was in combustion, a lot of fine bubbles and char were formed. These
fine bubbles are good for thermal insulation [59]. Moreover, silica particles in situ
produced by thermal decomposition of PDMS mostly stay in char layers, which
improve the quantity of oxidation-resistant char coatings [59]. The resulting bubble
structures and silica materials in the char layer prevented volatile and flammable
fuel production, which served as an effective thermal insulator [59]. Although there
are progresses on developing flame retardant and thermally insulative polymer-
based materials, further understanding flame retardancy and thermal insulation
mechanisms will play key roles increating next generation of thermally insula-
tive and flame retardant polymers with outstanding performance. With unique
combined properties including simple manufacturing process, low cost, excellent
thermal insulation, flame retardancy, superior physical and mechanical properties,
thermally insulative and flame retardant polymers will provide new opportunities
for existing and unforeseen applications.

2.4 Critical discussion and outlook

To achieve the high-performance fire retardancy of polymers, different strate-
gies have been developed [63]. Followings are selected strategies.

1. By modifying the reaction scheme of pyrolysis of polymers to produce
non-combustible, and/or non-volatile products that dilute the supply of
oxygen [40, 63].

2. By stopping the combustion through dilution of the combustible gases, or the
formation of a char which suppress the oxygen supply [63, 64].
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3.By introducing active radical-trapping effects both in the gaseous phase and/or
in the condensed phase [63, 65].

4. By reducing the thermal conductivity of the material to limit heat transfer
(34, 63].

The different types of flame retardants in polymers based on halogens, heavy
phosphorus-organic compounds and/or transition metals have shown good flame
retardance performance [26]. However, toxic gases and smoke are formed during
burning processes [66]. Environmental safety of flame retardants in polymers is
amajor issue [22, 63]. Fire-retardant polymer-based materials are desired to have
high resistance to ignition, low combustion rate, retention of low flammability,
acceptability in properties and appearance, no health safety and environmental
issues, and little (or no) economic penalty.
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Chapter2

Nanoscale Configuration of
Clay-Interlayer Chemistry:

A Precursor to Enhancing Flame
Retardant Properties

Sanjiv Sonkaria and Hyun Joong Kim

Abstract

Nanomaterials are proving to be pivotal to the evolution of controllable,
cost-effective and environmentally safe technologies. An important concern is the
impact of low-dimensional compositional materials and their ability to significantly
reduce the hazardous nature of flame retardants that are reputably harmful through
unchecked inhalation. While eco-friendly and recyclable alternatives are neces-
sary requirements to function as replacements for the ‘Next Generation’ of flame
retardants, the underlying ‘Chemistry’ at the nanoscale is unfolding unlocking
vital clues enabling the development of more effective retardants. In this direc-
tion, the dimensional order of particles in naturally occurring nanoclay materials
and their associated properties as composites are gaining increasing attention as
important constituents of flame retardants. In this review, we examine closer the
compositional importance of intercalated/exfoliated nanoclay networks essential to
retardant functionality exploring the chemical significance and discussing underly-
ing mechanisms where possible.

Keywords: nanoclay, flame retardant, nanocomposite, polymer—layered-silicate

1. Introduction

Today, materials are as diverse as the components and methods used to assemble
them. Fire safety concerns and regulatory issues have fuelled past efforts to use
formulated chemical technologies to help protect against unpredictable fire hazards.
Flame retardant technology was introduced fifty years ago as bulk ‘additive’ materi-
als to effectively reduce flammability of naturally combustible, ignitable or inflam-
mable constituents of products used mainly in household products. An example
of such materials include polymers which may be easily ignitable. As synthetic
materials, their inclusion in industrial and domestic products has generally been
considered essential to the safety of end-users either as chemically uncoordinated
additives to the target materials or as chemically bonded with textiles [1], coatings
[2] or plastics [3] for example during manufacturing. These additives primarily
operate by ‘retarding’ or resisting the ignition phase of flammables thereby delay-
ing their reactive pyrolytic nature to catch fire by insulating against its spread.
However, to be effective in retarding flame progression, high quantities of additives
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are required leading to enhanced toxic gas release. They also operate by diminishing
flammability when chemically activated or use endothermic processes to drive the
suppression of flames. The availability of flame retardants in self-applicable formats
such as coatings and sprays has raised concerns on the uncontained exposure of
chemicals through inhalation of vapor or through skin contact and other forms of
possible contamination. The impact of anti-flame chemicals on the mortality rates
[4] has been considerably significant to warrant their widespread use in delaying
fire hazards. However in more recent times, health concerns have intensified over
the safe use of flame retardants have surfaced— a concern that has emerged more
intensified in the era of ‘green and environmental chemistry’ and authority driven
demands for chemical risk to human-health after toxicity related irregularities
based material class [5] were highlighted some thirty years ago [6].

There are numerous flame retardant types [7], however halogenated or organohal-
ogen flame retardants containing carbon bonded chlorine (CFRs) or bromine (BFRs)
as the major halogen-based constituents are assembled or integrated with polymers
forming organic halogenated blends. For example, several flame retardant classes
exist [8] as chlorine and bromine polymers while others are composed of phospho-
rous, nitrogen and sulfur or synergistically made. Others include antimony, alumi-
num and tin. Since 1992, halogenated flame retardant production has exceeded 20%
reaching 25% of the global market and approximately doubling by 1998. The growing
demand suggests that flame retardants are a valuable commodity in fire safety and
can regulate the combustion process at the heating or decomposition stage, ignition
phase and at the level of flame interference curbing its spread by broadly preventing
oxygen consumption, heat production and fuel for flame production.

The chemical mode of action occurs at the level of combustion in the gaseous
phase through a cooling process that entails curbing the evolution of flammable
gases. An alternative action of flame retardants is the deposition of barriers as
chemical layers compartmentalizing the supply of oxygen away from the material.
Other mechanisms involve additive materials with endothermic properties lowering
temperatures below combustible levels or mechanisms that allow the build-up of
protective layers cutting off oxygen as essential part of the fueling process. The use
of inert materials forming non-combustible gas products also reduce the space for
flammable gases entering the ignitable phase. Compositionally, flame retardants
are classed by their elementally important counterparts namely bromine, chlo-
rine, phosphorous and nitrogen. The importance of the point of action of flame
retardants is shown in Figure 1 which often depends on the combustion profile of
a material and how well it ‘fits’ with the flame retardant properties of choice [10].
The release of fire hazards are shown in Figure 2. In terms of the molecular mecha-
nism of action which are largely unknown, signify only a broad but general based
understanding at the bulk scale [11]. It therefore becomes important to re-visit the
flame structure partitioned as the outer, middle and inner zones differentiated by
color and temperature. Temperatures vary considerably by orders of magnitude in a
single flame and temperature variability affects combustibility of materials generat-
ing different particle types that originate from different regions in the flame. These
regions are further separated by the variable degree of combustibility of vapors
dictated by the availability of oxygenated air and critical temperatures needed to
ignite unburnt fuels generating high energy propagating particles during flame
propagation [12]. It has also been suggested that modeling of flow configuration of
flames if adequately understood can help direct particle-particle interactions with
multi-scale implications that reside at the gas—solid phase [13]. The contribution
of nano- and sub-micrometer particles to flame retardancy is not only dependent
on low migration resulting in the surface decomposition of condensed material
(char) and the vaporization of particles via surface diffusion at higher temperatures

10



Nanoscale Configuration of Clay-Interlayer Chemistry: A Precursor to Enhancing Flame...
DOI: http://dx.doi.org/10.5772/intechopen.95788

O ..~

" T
/5‘:“ T”Y\* Strengthen\p
mpact Strength Toughenmg Effect .- %
O O :, . Ineffective
{ H= 4 Individuall
Flexible % & I _J:§ L
\ OpensiA

>

H : o—?—o o OH
Y il
et 05 Fos)
Combustion Intensity§ *. Condensed Phase

g Heat release § ““Enhancing Residue Barrler

SYNErgY Gaseous Phase + Condensed Phase

/S | t
“—_»Quenching Effect + Promoting Charringw_" = PPlcmentary

Figure 1.
Flame vetardant property and the importance of chemical synergy in the behavior of phosphaphenanthrene
retardant chemistry in suppression of flame progression. Reproduced with permission from [9].

phase but also surrounding combustion gaseous conditions. Both particle diameter
(geometric mean size) and mass was affected by altered 0,:CO, and 0,:N,:CO,
ratios during the vapor to particle conversion [14] (Figure 3). Given that the pattern
of nanoparticle evolution is connected to how a flame is structured, motioned and
governed, modeling the underlying features could have important ramifications

in reducing or silencing the more turbulent aspects of flames. For example, the

size increase of nucleating particles whilst traversing across the flame front rapidly
aggregate and particle progression and accumulation can be suppressed by tem-
perature reduction [15].

The basis for the use halogens as flame retardants originates from the production
of radicals from the combustion of hydrocarbons such as H', HO" and O (Figure 4).
High energy radicals combine with hydrocarbons such as methane to increase radical
formation fueling green-house emissions like CO, and toxic CO (Figure 5) thus
considerably contributing to exothermic reactions — a process that is repeated by
increasing the chain of radicals during combustion. In particular, hydrogen bromide
(HBr) at the ignition phase (decomposes to Br” (bromine radical) and behaves as a
quenchers of HO" and H'" through protonation forming water and hydrogen respec-
tively. Bromine radicals are able to compete with HO" and H’ from hydrocarbons
such as methane neutralizing radical hydrocarbon production and instead forming
ground state hydrocarbons shown below in Figure 4.

Some studies have suggested however that radical recombination although
important, constituent CO-H, may propagate with differing burning velocities
(flame speed progression relative to the unburned state) under conditions of mini-
mal heat loss, particle formation is influenced by the residence time in pre-mixed
flames [16].

These chemical events work synergistically in reducing the propagation of
flames through flame suppression and delaying flame ignition via chain termina-
tion ‘type’ reactions. The diverse use of combustible materials and their flammable
nature has been at the core of safety and protective concerns to humans and
the environment. At the forefront of chemical exposure are fire fighters, a risk
assessment case study of this vulnerable group has highlighted chemical exposure
through combustion as a leading cause for cancer and thyroid complications [17]
among the firefighting population from direct exposure and direct inhalation of
chemical constituents of flame retardant materials. Tens of thousands of deaths
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Halogen derived flame retardants in use.

per year occur through the inhalation of toxic fumes such as carbon monoxide,
hydrogen chloride, hydrogen cyanide [18] and dioxins [19] making the effects of
smoke toxicity a leading reason for mortality during fire related incidents. The fact
that gaseous toxicity release surpasses the ability of flame retardants to suppress
fires is a major concern [4] and has shown to persist inside teaching classrooms [20]
and college dormitories [21]. Poly-brominated and other halogen-based retardants
are shown to be linked to bioaccumulation [22] with child developmental problems
effecting child IQ performance, development and intelligence impacting neurologic
function in children [23], weakening immune systems through Immunotoxicity
[24], reproducibility [25], metabolic [26] and respiratory [27] interference.
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The global equation of combustion which propagates by a set of chain reactions mediated by high energy
radicals that originate from interaction of hydrocarbons with flame retardant halogen anions (Br™, Cl etc.) in
a mixture composed of oxygen, carbon dioxide, water and combustion fuels e.g. hydrocarbons.

Such health risks also include harm to wildlife [28]. These chemicals discreetly find
their way into the surrounding environments spreadable through the air [29] and
water or become attached to dirt, soil, sand and powder particles and subsequently
into human contact directly through inhalation or through food and water-intake.
These health risks shown in Figure 6 together with unknown and unsubstanti-
ated toxic effects of flame retardants has caused considerable concern in recent

risk assessments [31] fuelling demands for the disuse of constituent chemicals by
National Oceanic and Atmospheric Administration and the EU driven Restriction
of Hazardous Substances Directive [32]. Environmentalists and health risk advisers
have particularly focused on finding alternatives for halogenated flame retardants
[33] with a view to replacing them with non-halogenic constituents. However, there
exists an ‘unmet need [34], to make flame retardants toxic free as new technologies
emerge. This situation is being addressed by a drive towards policy changes focused
on a class of flame retardant types and steps for their replacement [5]. The current
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Prgvalenfe and potential for toxicity of flame retardants (a) metabolic fate of flame vetardants affecting gene
expression and inducing toxicity (b) accumulation in finger nails and hair follicles (c) hormonal suppression/
activation effects of phosphorous flame retardants modeled through molecule-ligand binding (d) detection of
organophosphate esters across tropical and subtropical Atlantic, Pacific, and Indian oceans. The release of toxic
gases from polyamide based flame retardants. Reproduced with permission from [30].

challenges weigh on the benefits of flame retardant use in saving lives against death
due to toxic inhalation.

In this review, we focus on nanoclay materials and the potential to exploit both
their intrinsic and modifiable properties adaptable as flame retardants with a view
to make anti-fire materials safer by reducing their potential for toxicity and harm
to humans and animals alike. Insight into the technological challenges that confront
the flame retardant industry in securing safe and usable chemicals made acceptable
by current environmental and health standards is highlighted. The low-dimensional
characteristics of nanomaterials is discussed in the context of introducing and
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exploiting new flame retardant properties which are absent at bulk scales. Particular
attention is directed to polymers as high polymer content and their associated
toxicities above ignition temperatures are often the cause of fire related fatalities. In
particular, the synergistic role of nanoclays with polymer chemistry offer substantial
improvements and the potential of these advancements is presented in the context of
the underlying challenges that require new explorations to their development.

2. Igniting low dimensional chemistry to extinguish flame propagation

Increasingly, researchers and regulators of flame retardant use are looking
towards the materials used by nanotechnology to improve the risks associated with
anti-fire materials. Nanomaterial architectures offer considerable structural and
functional control as host modifiers in parent structures. Particles of diminished
size at nanoscales represent an important class of materials of technological value in
controlling chemical and physical complexity. They hold the potential to offer con-
siderable pyrolytic control as a new class of flame retardants through reinforcement
of intercalated low dimensional materials. The effects of increased nanoparticle
surface area and surface energy at the nanoparticle-polymer interface [35] caters
for diverse orientations at nanoscales that impose changes to the overall microscale
structure. Favorable polymer-particle associations can result in interactions that the
affect physical and chemical properties of flame retardant behavior. Contributions
in this respect may arise from surface interactions (in micro or nano confined
spaces), in shape formations affecting polymer spacing and those that result from
interfacial compatibility at polymer-filler interfaces. The larger elements of the
effects that occur at the micro/nano level translate to globalized effects influencing
mechanical properties, permeability and flow behavior of gases through interspaces
and structures, thermal property and conductivity. Further, nano based flame
retardants utilize less chemicals compared to their bulk counterparts diminishing
the production of toxic vapors.

3. Current challenges in flame retardant design

The search for new flame retardants has been intense mainly to make their use
safer and more effective. The challenge has been to understand more clearly the
underlying mechanisms of pyrolysis particularly in the context of polymers to effec-
tively introduce and to deliver new chemistries and modes of action that manifest
at the nanoscale. It has been well-known since the 1960’ [36] that the liberation of
high energy free radicals play an active role in fire propagation and the broad task
of ‘chemistry’ has been to control heat combustion by limiting radical formation.
The emphasis has shifted in controlling the decomposition of flame retardants [37]
to limit toxic inhalation and the thermal degradation of polymers [38] and to gain
a knowledge-based appreciation of mechanisms prevalent in flame propagation.
The broader picture here is complicated by flame retardant mechanistic modes and
the overlying chemical synergy with material decomposition. This aspect of flame
control has been challenging since polymer chemistry is considerably more diverse
than flame retardant chemistry making the alliance of synergistic control intellectu-
ally and technologically demanding. Vulnerability to fire-spreading scenarios lies
within the combustion process itself aided by a number of processes that lead to the
ignition phase. Flame retardants while designed to delay combustion and pyrolysis
propmote secondary effects of toxic fume emissions and free radical formation from
burning materials such as polymers which may override the ability of retardants to
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sufficiently contain fire progression and toxic smoke. The current problems focus
not only on the material chemistry but emphasize a shift towards the intrinsic nature
of the material itself. Since flame retardants conventionally operate on the principle
of delaying fire progression, current objectives require using new material properties
for the implementation of multi-functional flame retardants with design features
better suited to the thermal properties of particular polymers. This is emphasized

in Figure 6 which seeks to manufacture a ‘new generation’ of materials effectively
suppressing fuels that contribute to flame production such as oxygen, allow carbon
dioxide permeability to reach sites to extinguish the birth of new flames and slow
combustion, allow the capture and containment of toxic fumes, reduce the popula-
tion of high energy radicals through quenching mechanisms and lower temperatures
below the ignition phase. Health concerns must also be balanced with the dynamics
of environmental issues, performance and costings making flame retardants more
easily and economically available. The most attractive direction being pursued

are low-dimensional materials that act as fillers for polymers bearing the ability to
physically and chemically modify the thermal progression of polymers and other
materials and to alter critical factors pertinent to fire control more advantageously
with minimal damage to the surrounding environment. The additive or synergistic
role of nanoclays hold much promise in this direction.

4. Polymers - a fire safety perspective

Polymers of varying compositional structures are wide spread in many everyday
items [39] both in synthetic and to a lesser extent in biomaterials are a probable
source of toxic inhalation during decomposition in fires. Most constitute a fire risk
in many household appliances, furniture and wearable materials as the elements of
polymer combustion drive fire propagation from the point of ignition. A growing
body of evidence suggests that the reinforcement of polymers show a strong corre-
lation with fire resistance while reducing the need for excessive use of fire retardant
as single component materials in goods. The physical and chemical relationships
between polymer behavior and fire progression has a unique place in engineering
with the potential to offer new flame retardants that are both safe and effective.
The complexity in the development of effective flame retardants is depicted in
Figure 7 [40] and empathizes the potential for multi-levels of combustibility that
lie between the condensed (liquid) and expanded (gaseous) interfaces. As pointed
out by Huiqing [40], the combustion cycle of polymer materials subject to a pyro-
lytic state pass through an [1] initial heating phase, reaching the [2] decomposition
phase followed by the [3] ignition phase. Lastly, the combustion phase is triggered
by the volatility of the liquid or gaseous products of decomposition at the igni-
tion temperature and the excess heat generated via combustion in the presence of
O, is utilized at the polymer surface to release more combustible products. This
cycle contributes to increasing the free radical population and further increased
chain branch reactions as described earlier in Figure 4 accelerating the cycle of
flame growth. Knowledge of the molecular properties of parameters that can be
controlled is (shown in the orange box in Figure 8) can be applied and incorporated
as design features in flame retardants to enable more effective fire suppression.
Important targets in flame retardant design are effective suppressors of combus-
tible compounds and their rate of evolution in keeping ignition temperatures
below combustible thresholds. Some strategies that have been described include
water formation through the use of brominated flame retardants [41] to contain
temperature elevation via free radicals operating as inhibitors of flame propagation
elements. Other forms of flame resistance includes charring [42] or partial burning
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Low-dimensional materials with multifunctional properties to combat fire hazards on multi-levels.
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Figure 8.

A schematic showing a general vole of polymer pyrolysis in combustion at the gas, liquid and solid interface
and the potential for introducing key design features in flame retardants guided by key controllable properties.
Modified with permission from [40].

which reduces polymers to black carbon essentially removing oxygen and hydrogen
and effectively masking polymer surfaces (as assessed by measuring the limiting
oxygen indexes or LOI’s) [43] from further combustion through oxygen fuelling
and volatile vapor mixing. In the oxidized form, char forms nitrogen oxide and
heterocyclic compounds providing a basis for chemical fuel production at higher
temperatures. Using two coal types as a carbon based combustion model, peak heat
release correlated with the time to ignition showed the char content to decrease or
increase with particle size increase [44] of the coal type investigated. Char forming
chemistry has been investigated [45] and viewed as a useful alternative to halogen
free retardants for polymers exhibiting fire resistance. The widespread applica-
tion of organic and synthetic polymers in the manufacturing sector and related
technologies increases the potential for toxic gas release by decomposition in case
of fire demands safer designs of manufacturing protocols and newly improved fire
resistant coating materials to replace existing ones. While char formation shows
good potential to act as a shield preventing oxygen from mixing with polymers,
char chemistry still remains a potential source for flammable gas release under
persisting temperatures (Figure 9).
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Figure 9.
(a) Likely compositional elements of char (coal) representing (b) possible sources of volatile chemical fuels at
ignition temperatures. Reproduced with permission from [46] and modified from [47].

The hazards associated with fire retardant materials arise as a result of fire and
the onset of flammable products released could be abated by slowing the decompo-
sition rate of temperature polymer disintegration. Re-tuning the thermal behavioral
properties of the primary polymer with other materials as additives that intervene
with key elements that regulate combustion related properties to scale-down flame
propagation is an important objective. In this direction, compositional integration
with nanofillers can provide both structural and functional elements to alter the
thermal properties of polymers and opportunities to consider more palatable flame
retardants or to introduce new mechanisms to control and limit the harmful effects
of existing ones currently in use. The progression of knowledge of the mechanical
effects of particles on polymer stability at the nanoscale in terms of the structural
harmony between filler-polymer interactions have important implications but have
rarely been discussed in the context of polymer matrix, the nanoscale filler and the
interfacial region [48]. This is highlighted to be particularly crucial in view of the
ability of nanoparticle networks to diminish the combustibility of polymers [49].

Reinforcement of polymer strength and rigidity through stiffening uni-dimen-
sionally or multi-dimensionally by pushing the chemical equilibrium towards char
formation and increasing the barrier properties of chars could lead to new methods
for fire retardancy. Hence, efforts have been directed for enabling mechanical
stiffening of polymers [50] in a variety of ways that affect the flammability proper-
ties [51] closely coupled to ignitability [52] leading to a more controlled combustion
arrest phase. For example, addition of co-monomers such as acrylonitrile, butadiene,
and methyl methacrylate to the pyrolytic properties of polystyrene and styrene
[53] and 2D-MoS; nanosheet-containing polyurethane [54] have been fabricated.
However, more recently Varol et al. [55] determined that nanoparticle nanofiller
quantity and not size determine the strain hardening in polymer nanocomposites
(Figure 10). Although this study signifies mechanical strength in the context of load
bearing application of polymers, tuning strain hardening behavior with nanofill-
ers with a reinforcement magnitude that allows the decomposition of polymers
to be critically restrained at high temperatures has much value for tailoring flame
retardants. Replacing the characteristics of brittlement of polymeric materials
with heat resistant materials [56] by enhancing higher temperature performance in
nanocomposites has meritable arguments for the flame retardant industry. A key
challenge in the development of environmentally acceptable and low-to-no health
risk flame retardant additives for use with conventional anti-fire hazard materials
has accelerated in recent years. In line with the growing importance of nanomaterial
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Figure 10.

( T%p panel) Transmission electron microscopy images of the volume fraction (®) of SiO, derived
nanocomposites particle size with respect to particle size. (Bottom panel) Plot of the true stress (c) as a
Sfunction of the extension vatio (\) for particles exhibiting different filler volumes and size. Modified with
permission from [55].

components for use in flame retardant formulations, the focus of interest has
increasingly shifted towards clay based-minerals as nanofillers [57] to address some
of the key challenges discussed. Multi-layering of flame retardants in nanocompos-
ites could be an attractive structural feature to allow other additives to interact with
flammable constituents that may persist even after part thermal stabilization of
polymers with nanoclays. In addition, intercalation between polymer and nanoclay
layers offer a level of intervention at the molecular nanoscale scale that may operate
synergistically with the polymer and flame retardant chemicals. The possibility of
introducing barrier properties, mechanical strength of polymers and hence dimin-
ishing volatile decompositions and support flame retardant properties cooperatively.

5. Nanoclays composites: challenging the role of conventional flame
retardant mode of action

Nanoclays form a class of inorganic clay based nanomaterials (Figure 11)
with chemical and structural attributes that enable their integration with diverse
materials as clay nanocomposites including polymers [59]. They exist as silicate/
aluminum-silicate structures in the form of montmorillonite, bentonite, kaolinite,
hectorite, and halloysite. Nanoclays comprise layers of 1 nm thickness separated by
interlayer distances between 70 to 150 nm modifiable as nanocomposites through
intercalation with guest structures. While compositional mergers of nanoclay
result in superior mechanical and tensile strength, properties aligned to reduce
gas permeability [60] is achieved through the deposition of thin coated layers,
alterations in glass temperature (temperature distortion) of nanocomposites and
changes in modulus occur proportionally with increasing amounts of nanoclays
and significantly alter material characteristics. Further nanoclays could be attrac-
tive additives as anti- combustion materials due to the differential permeability
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Figure 11.
(a) Structure of nanoclay exemplified by the (b) TEM image of nontronite. Reproduced with permission

from [58].

behavior to oxygen and carbon dioxide. Nanoclay exhibits better gas barrier proper-
ties against oxygen then carbon dioxide and thus has the potential to limit oxygen as
a fuel source to flames [61]. The possible tuning of the molecular spacing of silicon
tetrahedral units suggests that gas permeability can be altered to a particular gas
through morphological changes to the filler as in the case of nitrogen [60]. With
special interest to polymer based flame retardants, the dispersion behavior and
orientation properties of nanoclay particles can find significant use in generating
intercalated layers with polymers that largely depend on their molecular assembly
and ability to interact [62]. Also in the interest of minimizing the release of toxic
fumes, nanoclays can be used to generate effective flame resistant barriers by
making use of nanometer scale surface adhesion properties that extend across
micrometer lengths with aspect ratios between 200 ~ 1000 or indeed higher [63].
Hence a strong correlation of barrier properties to geometric considerations such as
orientation, filler morphology and aspect ratios are critical to their functional use as
additives in flame retardants to control the spread of fire [64].

To advance fire retardant chemistry however, there exits an underlying need
to understand better the molecular transition from the homogenous nanoclay and
polymer architectural state to a structurally unified polymer-nanoclay nanocom-
posite state at the nanometer level. An immiscible state between nanoclays and
the surrounding polymer environment lacking a chemical union of bonds as a
co-mixture rather than a self-ordered intermixture does not allow ascendency to
a superior consolidated mechanically enhanced state. In other words, the filler
chemistry must adopt bond, shape, physical and chemical structural character-
istics unique to the assembly not shared by the components separately or as a
co-mixture. In order to allow the next generation of fire retardants to be of greater
general applicability and of broader scope to different polymer populations, the
exfoliation of nanoclay inter-layers requires the use of interactants (modifiers
such as inorganic minerals, synthetics, hydrophilic or hydrophobic solvents,
dispersants, reductants/oxidants and other chemical agents under conducive
physical conditions) so that the chemistry and spacing between interlayers is
compatible with the polymer environment.

6. Synergistic effects of nanoclays

A well-recognized route for the suppression of flames and probably the best
studied process has been described by carbonaceous char formation exhibiting
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Figure 12.
Layered geometry visualization of nanoclay by atomic force microscopy showing the importance of ionic
interpenetration at the nanoscale with particle diameter changes from 70-130 nm. Reproduced from [67].

barrier properties [65] that effectively ‘cut-off” gaseous fuel supply reducing flame
capability. Decade old studies on nanoclay composites have shown to provide
‘multistage’ insulation during fire progression, however the dependence of fire
performance on a measurable quantity of nanoclay was prominent ranging from
optimal to infective in delaying and an advancing fire hazard [66]. Such studies
have highlighted the complex chemical nature of nanoparticle interpenetration
between layers (Figure 12) at nanoclay interfaces and the limited knowledge in
selecting and activating chemically useful routes that diminish flame growth
against accelerating factors. The ambiguity in the nature of these mechanisms is
complicated by molecular changes that occur with nanoclays at the surface of dif-
ferent polymers pointing to the nature of interacting species that may be consumed
or liberated during different stages of thermal reaction. Char formation is medi-
ated via the catalytic crosslinking of polymers with properties that are identifiably
different to their constituent reactants both by their physical and chemical nature.
Nitrogen metal complexes have been suggested to counteract barrier char formation
by catalytically weakening polymer stability through site specific decomposition by
virtue of the metallic catalytic sites accommodated within the clay region [68]. The
extent to which these processes operate play a central role in determining polymer
stability and the dominant mechanisms that ultimately prevail However, dispersion
becomes an important criteria at the nanoscale level in determining effective flame
retardant properties [69] while a more informed selection of polymer types forming
the nanoclay-composite chemistry can used to increase the carbon content of char
[70] likely favoring crosslinking ability and subsequent barrier properties. The ionic
nature of nanoclays also plays a significant role in governing the flame retardant
properties of complexes.

Polymer variability in terms of composition, structure and intrinsic proper-
ties are defining features that determine the degree of material inflammability.
Understanding the mechanistic role of nanoclay particles in subduing polymer
vulnerability to thermal heating and volatility becomes a challenging problem in
the field of flame retardancy. Figure 13 shows the chemical integration of polymer-
nanoclay surface where the interface chemistry is a key factor in deciding flame
retardant properties of the resulting nanocomposite. Some generalized insights into
possible mechanisms have emerged from fire retardant investigations. As men-
tioned, much effort has been directed in uncovering the complexities surrounding
char deposition pathways to improve mechanisms that have an obvious advantage
in blockading the mass transport of fire enhancers (e.g. free radicals, gases,
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Clay-polymer assembly processes under thermally elevated conditions determine fire retavdant potency driven
by nanoscale chemistry.

hydrocarbons etc.) that can be released from clay surfaces via an initial pyrolytic
state. Barrier properties become progressively more effective during the condensed
phase as more material is retained and cross-linked leading to enhancement with
subsequent layers. The synergistic cooperation between nanoclay layers and mineral
addictive’s has attracted much attention in recent years and has rapidly become the
most favored approach in the field of flame retardancy.

While the immobilization of decomposed components aided by low migration
at the surface of silicate layers is an important mechanistic approach to barrier
creation and polymer modification, the unrestricted migration of the more volatile
degradation products can release free radicals with the ability to passivate halogen
radicals through the chemical association with hydrocarbon radicals. Such radicals
may take the form of metals embedded or chemically attached to the nanoclay
polymer matrix. The intrinsic and selective nature of the polymer materials modifi-
able by thermal processes potentially embody exploitable synergistic characteristics
particularly at the nanoscale. For example, improvement in interfacial adhesion
has been correlated to a change in thermal decomposition to elevated temperatures
during the merger of nanoclays with flame retardant supporting the synergism of
nanoclays to char layer enhancement [71]. Hence, the chemical synergy between
the reactive nature of starting materials (nanoclay, polymers and minerals), the
initiation temperature and pathway for thermal activation of condensed and
volatile degradation products and the knowledge of key mechanistic events in terms
of mapping structure to flame retardant function and performance still need to be
resolved. Certainly, the correlation between clay composition and decompsition
kinetics ohas been identified to be a key factor in charring [72]. Despite the hidden
challenges which persist in the field, the effects of scale are slowly emerging using
a number of experimental approaches. Some observations that form the basis of
well-accepted outcomes coupled to unresolved mechanistic ideas are generalized in
Figure 14.

The potential for polymer-layered nanoclay composites for applications as
flame retardants has been recognized in earlier studies [73]. A common objective
in nanocomposite design has been the search for effective interacting agents for
the alignment of polymers along the corridor-like arrangement in stacked layers of
nanoclays to improve mechanical strength, thermal stability and gas barrier proper-
ties. Diagrammatically, the stacking is described as intercalated in which polymers
lie between inorganic layers in well-ordered arrangements or adopt exfoliated
patterns represented by disordered arrangements within the layers exemplified by
poly (ethylene oxide) adsorption on nanoclay surfaces (Figure 15). In similar studies
[75], the use of polypropylene-graft-maleic anhydride and polystyrene-layered-
silicate nanocomposites in their ability to suppress flames was mechanistically
similar and it was established that the behavioral properties depended on the degree
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General mechanistic routes to fame retavdancy by char barrier formation and free radical suppression mediated
by catalytically induced sites at the nanoclay polymer interfaces. Migration of particles formed by degradation
products originating from pyrolytic chemical processes are assisted by air bubble movement pushing particles
upwards and low migration of condensed phased char particles.
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Figure 15.
Schematic showing two types of silicate-polymer composite layering either as (a) ordered (intercalated) or (b)
disordered (delaminated) arrangements. Reproduced with permission from [74].

of dispersibility and type of silicate material. The effects of flammability reduction
were inferred through a protective insulation surface slowing down the decomposi-
tion rate of the underlying material and thus preventing exposure to the decom-
position products. Mechanistic insight has been better aided by knowledge of the
molecular orientation of nanoclays that have resulted in establishing three types of
nanoclay geometries. Understanding the geometrical orientations of nanoclay shown
in Figure 16 may help in our decipher the barrier properties exhibited by these class
of materials which exist as (a) phase separated (immiscible), (b) intercalated or (c)
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Figure 16.
Differing movphological states of polymer—nanoclay structure of nanoclay. Reproduced with permission
from [76].

exfoliated as polymer nanocomposites. In (a), polymers do not reside inside the inor-
ganic layers that may exhibit conventional silicate layer properties as layered blocks
while (b) shows interlayer distancing of a few nm between silicate layers which is a
result of polymer intervention within the layers by the surrounding polymer. Finally
(c), shows an exfoliated structure where clay layers are singularly separated by the
polymer. Polymer matrix and nanofiller interactions play an important role for
atomic-scale nanoclay dynamics. The interaction of the cationic surface of nanoclays
with organic layers of polymers is identifiably important in the advancement of
flame retardant nanotechnology. There are many reported studies that have pursued
the effects of polymer matrix/nanofiller (nanoclay) associations and while there

are benefits to the formulations, the precise role of nanoparticle ambulation during
surface modification remains unknown. Current knowledge however, stipulates

that organic components of polymers can sufficiently reduce excess energy (surface
energy) [77] by minimizing cohesive and adhesive forces at the solid-wet interface
between cationic and polymer states of matter respectively while supporting the
stabilization of interlayer spacing. Spacing serves a useful purpose in reducing
surface energy and preventing nanoparticle aggregation generating enhanced
dispersion and the level of ordered intercalation largely dictate the nanocomposite
structure. In context to Figure 12, it might be expected that separation achieved in
exfoliated nanocomposites generate maximum space and hence maximum surface
area allowing polymer migration to occur and spread along interfaces unperturbed
between silicate layers. Schartel et al. [78] demonstrated differing morphologies of
phosphonium-modified layered silicate epoxy resin nanocomposites but structures
closer to exfoliated forms (Figure 16) with silicate as a nanofiller revealed a barrier
effect but had little effect on the suppression of decomposition products and com-
bustion of volatiles. The current perception of exfoliated surfaces yielding superior
surface and mechanical properties is a phenomenon that is now less clear and
conflicting evidenced by experimental interpretations. By its nature, exfoliation gen-
erates better dispersity between the nanoclay surface in an uninterrupted polymer
matrix. Variability in experimental observations often uncovered inconsistency from
glass transition values and suggest that a state of higher thermal stability depends

on other factors and not solely on the visible state of a structure. Hence, the level
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of unpredictability associated with well-separated exfoliated layers of separation
could reside with the degree of variability in interfacial patterns that may ultimately
determine polymer mechanics and further complexities introduced by compatibil-
izers as components for in epoxy adhesives [79] for example, or as thermally reactive
additives. The lack of understanding of these factors could be contributing factors to
discrepancies among related samples and more insightful explanations are needed to
develop favorable material properties.

The use of non-halogenated flame retardant materials have recently come into
effect like aluminum diethylphosphinate (ADP) [80] improving char yield. It has
been reported that the multi-phase use of ADP in the vaporized and condensed
phase [81] significantly contributes to flame inhibition. Investigations by Kaynak
and Polat [82] further established the role of path driven intercalated/exfoliated NC
layers that contributed to the emergence of insulative barrier properties as judged
by the increased limiting oxygen index. Chemical synergy between nanoclay layers
and ADP likely favored the retainment of aluminum phosphinate at the clay surface
forging the incorporation of the mineral within the layers of the carbonized char
residues within the mechanically strengthened polymer structure of diminished
chain flexibility. Thermally activated vapourization of ADP triggered the oxidation
of surface unbound minerals in the gaseous phase to phosphinate radicals HPO2e,
POe, PO2e creating opportunities to neutralize the toxic effects of He and OHe curb-
ing flame growth. Here, the use of 5% silicate layers was effective in combination
with 15% ADP.

In an attempt to better elucidate the mechanistic impact of nanoparticles during
pyrolysis, two-dimensional transient-state models based on nanoclay layering using
carbon nanotubes as potential polymer reinforcement additives. The study revealed
a number of nanoscale effects between charred and uncharred regions that span
the clay network serving as the major interface in regulating the transportation of
surface degraded and diffusive particles that affect thermal transfer [83]. However,
the synergistic shift in surface chemistry at the clay-nanoparticle that permits mass
transfer loss via polymer degradation by addition of carbon nanotubes during
the initial stages of pyrolysis suggests that improved stability around structured
nanoclay layers will be pivotal to controlling flame retardant properties in future
nanocomposite designs. Tuning the thermal stability of nanoclays with compatibil-
izers can provide access to the incorporation of smarter materials such nanopolymer
confined quantum sized TiO2 [84] that demands better exfoliation of silicate layers
improving immiscibility of layers with TiO2 [85].

Suter et al. [86] have more recently used a novel multiscale modeling to shed
light on the mechanisms driving exfoliation behavioral properties of clay-polymer
nanocomposites. The results show how molecular simulation techniques targeted
around clay interfaces using free energy profiles and structure based coarse-grained
iteration processes to understand clay layer exfoliation and how such interactions
lead to experimentally observed changes. This was achieved by simulating the inter-
actions of montmorillonite clay, a polymer (PEG) and a quaternary ammonium
dimethyldioctadecylammonium ionic surfactant. Figure 17(a) shows molecular
dynamics simulations of models predicted I, Il and III after a simulation of 3 ps with
model IT and IIT forming partially and fully exfoliated single layers respectively.
Figure 17(b) shows the radial distribution as a function of sheet distance and
provides evidence supporting a completely dispersed system. In the bottom panel of
Figure 13, different stages of the molecular dynamic simulation of model II is pre-
sented illustrating (a) the clay structure prior to the interactive state with PEG (b)
intercalated nanoclay-PEG formation resulting in increased gallery separation and
the (c) departing motion of neighboring of layers favoring an exfoliated increases
in Young’s modulus derived from the stress—strain behavior models of II and III. The
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Dynamic simulation models of (a and b) of (c) partially and fully exfoliated nanocomposite state. The
exfoliated models are found to exhibit considerable elastic properties with substantial structures based on model
I1 as described in the text. Modified with permission from [86].

density charge increase around the polymers attributed to the surfactant molecules
rendering the nanoclay structure to an exfoliated state by inhibiting a diffusive state
which is assisted by a transversally sliding motion of clay. Such simulations provide
plausible clarity on the dynamics of nanoclay sheets and important mechanistic
clues that can be evidenced and supported by experimental findings with additives.
As simulation tools become more powerful, it will become easier to assign definitive
structure-function relationships to earlier observations that have been more phe-
nomenological in their explanatory findings. The re-organization of intercalated
or exfoliated states in nanoclay based nanocomposites is a promising way to better
regulate not only polymer behavior but also the behavior of flame retardants under
nanoconfinement signifying the functional role of clay particle size [87].
Nanoconfinement of polymer chains in nanoclays can influence polymer behav-
ior affecting the chemical and physical behavior with additives in the melt, altering
decomposition, thermal degradation and intermolecular interactions kinetically
of components globally determined by the local morphological states that adapt
to intercalated or exfoliated or indeed partial intermediate states. Over the last
two-to-three decades, polymer research has intensified the use of nanofiller materi-
als to form polymer bends into tunable nanocomposites. Nanofillers in the form of
layered silicates have enabled a considerable reduction in the use of conventional
load bearing modifiers in comparison to their low dimensional counterparts by as
much as 3 ~ 8 fold of the total content normally used by conventional processes.
A significant trend that continues to be a promising pathway for the future use of
flame retardants is the chemical synergy driving nanocomposite assembly while
extinguishing the properties of its individual components in the blend. Some of

26



Nanoscale Configuration of Clay-Interlayer Chemistry: A Precursor to Enhancing Flame...
DOI: http://dx.doi.org/10.5772/intechopen.95788

these examples include the synergistic effects of clay-organic intumescent hybrid
systems. Distances among silicate layers in nanoclay modified with organic sur-
factants show functional significance in the absence and presence of intumescent
agents. Irrespective of whether nanoclays adopt an exfoliated or intercalated state
of matter, increase in the layer distance from 9.8 to 13.8 A revealed that the stacking
morphological architecture of the nanocomposite was important to its role in reduc-
ing heat release rate through the formation of dense char layer [88].

Here, we provide a summary of some of the more recent approaches and strate-
gies in flame retardant design used for targeting flammable plasticizers widely
used industrial polymers with reference to some key studies on nanoclay-polymer
nanocomposites from pervious works. In earlier work, quin et al. [89] in their
investigation with nanoclay-polypropylene aimed to clarify some unresolved
aspects of key mechanisms of flame retardancy. The fundamental problem related
to the dispersion state of the nanocomposite and addressed its influence on flam-
mability which tied in with the underlying role of nanoclay in thermal oxidative
degradation and combustion. It was concluded the delay to combustible ignition of
volatiles was in fact due to the char barrier formation and the route to char deposi-
tion occurred via catalytic dehydrogenation and crosslinking of the nanocomposite
which was mainly assisted by acid sites of the silicate. The process is summarized in
Figure 18. An important component in this mechanism that is most relevant to the
liberation and availability of silicate catalytic sites was the addition of the alkyam-
monium salt which in itself decomposes leading to the pyrolytic release of ammonia
and olefin hydrocarbons and the accompaniment of rich acidic cations on silicate
surfaces. While this mechanism was effective in suppressing flammability, evidence
continues to accumulate and support increased mechanical strength and hardness
capacity of nanoclay modified polymers enhanced by significant increases in tensile
strength and stiffness using tetramethylammonium chloride but may decline with
suboptimal quantities [90]. For example, the addition of nanoclays have shown to
disadvantage the working performance of flame retardants as noted for a phospho-
rous-based retardant [91] comprising a Diglycidyl Ether of Bisphenol A (DGEBA)
resin composite. This emphasizes the importance of tailoring the cooperativity
between the filler and polymer space and dispersion which facilitates the nanoscale
chemistry of the retardant components in the composite in response to parametric
changes affecting interactions at the molecular level.

A future direction in the controlled degradation of polymers using regulated by
filler amounts is the prediction of degradation products. In a recent investigation,
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Figure 18.

Active-site catalytically induced char formation during combustion on clay surfaces supported by polypropylene
as the polymer matrix.
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Saha et al. [92] applied reactive force field molecular dynamics simulation to poly-
acrylester in which clay nanofillers in conjunction with graphene was used to modify
the elastomer polymer characteristics. The model developed using this approach
very reliably predicted the effect of adding graphene oxide (GO) in relation to the
evolution of degradation products which agreed well with the experimental out-
come. Improving the knowledge base of volatile materials originating from different
polymer compositions computationally will certainly have meritable consequences in
implementing better control strategies against flame enhancing volatile materials [93]
and predicting combustion behavior such as ignition times [94], char oxidation and
particle sizes [95]. The differences in melting and shrinking behavior that arise from
physical conditions affecting ignition performance for example and other important
parameters may not be easily accurately measured by micro-scale tests [96] will
significantly shift the burden for reliability more towards computation methods.

7. Concluding comments

The current perspective on nanoparticle driven flame retardant performance
specific to nanoclay materials emphasizes their growing importance as fire regula-
tory materials and reduced toxicity. At the nanoscale, clay interactions with dif-
ferent polymer types hold the potential to steer nano-driven mechanisms to more
effective outcomes in retarding the spread of flames. In the generality of flame
retardant mechanisms to the formation of chemical barriers and passivation of fire
enhancers such as free radicals, nanoclay makes important contributions to polymer
structure and mechanics, catalysis and kinetics of production degradation and
acceleration of stability of factors in slowing down flames. The thermal activation
of new catalytic sites at the clay-polymer interfaces will crucial be in developing a
more effective class of retardants in the future particularly in the context of target
specific modifiers. The lack of detailed mechanistic knowledge of nanocomposites
is often hindered by the limitation of experimental approaches and computational
approaches will become important predictive tools for guiding areas of new insight.
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Abstract

In recent years, with the growing concern on energy crises, the development of
new products from sustainable resources have been received much greater consid-
eration owing to the environmental concerns caused by the rapid reduction of non-
renewable fossil resources. The widespread utilization of polymeric materials led to
a considerable increase in fire risk in our daily life due to their flammable behavior.
Hence, the flame-retardant properties of polymeric materials are considered as one
of the most significant criteria to use them in wide range of industrial applications.
It is well known that mostly halogenated flame retardant materials are widely used
for flame retardant applications. However, they release toxic gases and corrosive
smoke during combustion, and consequently they contribute to serious environ-
mental pollution. In this connection, in the present chapter we discussed the differ-
ent types of non-halogen based environmentally friendly bio-based
polybenzoxazine matrices developed from renewable and sustainable bio-phenolic
materials viz., cardanol, eugenol, guiacol and etc., and the composites obtained by
reinforcing with varying weight percentages of flame resistant reinforcements/
additives and their flame retardant properties obtained from different analytical
techniques.

Keywords: Bio-phenols, sustainable polybenzoxazine, bio-based composites,
flame retardancy, halogen free benzoxazine composites

1. Introduction

Most of the polymeric materials including synthetic and natural based, are
extremely flammable in nature. The extensive usage of polymer based materials led
to a substantial increase in fire risk in our day to day-life. For example, about 2
million fire accidents are reported in Europe every year, which cause more than
about 4000 casualties and ~ 70000 injuries along with economic loss of about ~120
billion € [1, 2]. Thus, there are unwanted and excessive societal and economic
burdens on the entire civilization, hence it is most essential to produce polymeric
products with efficient flame retardant properties to avoid fire related losses.
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In addition, the flame-retardant behaviour of polymeric materials are considered as
one of the most important criteria to utilize them in the form of sealants,
encapsulants, coatings, and matrices for different industrial applications [3-8].

In the recent years, due to the environmental, sustainable and economic aspect,
growing attempts have been progressed for the synthesis of polymeric resin from
natural renewable/sustainable feedstock instead of using fossil fuel/petroleum based
raw materials [9-12]. The production of polymeric materials at present are mostly
based on the petroleum feedstock and are used for wide range of industrial applica-
tions [13-16]. Bio-based matrices/composites already found numerous applications in
the diverse fields of our everyday lives, such as in the automotive industry or in
building and construction, aerospace, and so forth [17-23]. In this context, in order to
improve their safe utility and also widen their area of application, it is essential to
increase their fire/flame resistant behavior to make them suitable for indented
applications. Hence, the development of polymeric materials with enhanced flame
retardant behavior is warranted from sustainable bio-resources.

Usually, halogen based flame resistant additive materials has been extensively
used into polymer matrix to enhance its flame resistant properties. The release the
corrosive smoke and toxic gases by these additives during pyrolysis, consequently,
give rise to serious ecological problems. Consequently, the development of poly-
meric materials free from halogens are considered to be a versatile approach. The
method of enhancing the flame resistant properties of polymers without use of
halogen based flame additives can be deliberated by the following three methodol-
ogies to obtain the flame retardant of polymers: (i) using intrinsically flame retar-
dant polymeric materials, (ii) to suitable structural modification of existing
industrial polymers, (iii) to introduce intrinsic flame resistant nano-
reinforcements/fillers into polymers.

As a result, new research fields have been emerged in the material science in
particular in the field of polymers and directed toward a completely or partial
replacement of the petroleum-based materials. In this regard, polybenzoxazines
possess very useful perspective due to their extraordinary molecular design flexi-
bility [24-32], which easily facilitates and allows bio-based precursors for the pro-
duction of varied molecular structured benzoxazines [33-57], consequently
reducing/replacing the considerable utilization of the petroleum-based raw mate-
rials. The nitrogen atom in the skeleton of benzoxazines significantly enhances their
flame retardancy, making them suitable for the fabrication of flame retardant
components. Fire, Smoke, and Toxicity (FST) reduction behaviour of benzoxazine
based materials have attracted industrial and academic attention as federal regula-
tions become strict and new technologies emerge. It was reported that the many
efforts have been made to syntheses of benzoxazines exploiting natural renewable
resources using cardanol, urushiol, coumarine, eugenol, guaiacol, furfuryl
amine and stearyl amine. In addition, silica/phosphorous/carbon reinforced
benzoxazine hybrid materials expected to possess radiation resistant behaviour
coupled with inherent flame retardant properties. Probable flame resistant mecha-
nism of the polybenzoxazine resin is owing to the release of gaseous species on the
surface. The gases including CO,, NO,, and H,O might able to diminish the O,
concentration around the burning area and diminish the heat of the surface.
Another probable mechanism of PBz polymer, with flame resistant layer through
the formation of char on the surface. The inert flame resistant layer might protect
the benzoxazine from the external heat from the flame, thus performing as the O,
protection layer. The high strength, excellent flame retardancy, radiation resis-
tance, high thermal stability, low moisture absorption, low temperature cure, low
shrinkage and low-k dielectric behaviour have made benzoxazine resins become an
attractive for electronics and aerospace applications. Hence, in the present chapter,
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the preparation, properties of some of the important and valuable halogen free
bio-based flame retardant polybenzoxazines matrices and composites are reviewed
and summarized.

2. Cardanol based polybenzoxazines for flame resistant applications

Cardanol is a naturally occurring combination of bio-phenolic materials isolated
from cashew nut-shell agro- waste with exported worth of 1.39 USD million in the
year 2020-2021 (Apr-Nov) by India [58]. The cardanol chemical structure is very
exciting due to its reactive functional phenolic-OH group and an alkyl spacer with
unsaturation in m-position will be applicable for several chemical reaction and
functional group modifications [59-62]. Cardanol bargains one of the better proba-
ble material for green synthesis of benzoxazines due to their massive availability
and very low cost of production. Also, cardanol competently alternative to petro-
phenol (for example bisphenol-A (BPA) which is an endocrine disruptor) to pre-
pare BPA-free polybenzoxazines. There are numerous auspicious ingenuities for
replacing the petro-based phenolic resources with cardanol to form cardanol based
polybenzoxazines.

The flame retardant properties of cardanol based polybenzoxazines are usually
lower than those of petroleum based thermosets. However, solutions can be pro-
vided by either physical blending with flame retardants or by chemical modifica-
tion. Several research groups attempted to solve these issues by designing multi
amine precursors [63, 64] or by introducing, silica/silicon, phosphorus, boron, and
furan [52, 65-70].

To improve the flame resistant properties, Bimlesh Lochab research group
introduced the [71] halogen free eco-friendly hexa-functional cardanol (bio-based
phenolic) benzoxazine with a phosphazene core (cyclophosphazene ring based
benzoxazine monomer designated as CPN) as reactive flame retardant precursor.
The CPN monomer showed good compatibility with cardanol and tris-p-
aminophenylmethane based benzoxazine monomer (CPNy). Higher loading of CPN
in the monomer improved both the smoke density rating, vertical burning rating
and also led to higher limiting oxygen index (LOI). Finally, the introduction of CPN
network shows good compatibility with the polybenzoxazine phenolic thermosets
with enhancement in flame resistant properties.

CPN monomer was synthesized as per the reported procedure (Figure 1).

The phosphazene core with hexa-amine (2) was synthesised using phosphonitrilic
chloride trimer (N3P3Clg), by base facilitated reaction with excess of 4-
acetomidophenol to yield compound (1) and, which upon hydrolysis, gave the
corresponding hexa-amine compound (2). Later, the synthesized hexa-amine

(2) was reacted with 4-pentadecylsalicylaldehyde (3) to form the

corresponding Schiff base which is then reduced to compound (4). Compound (4)
undergoes intra-molecular cyclization reaction to form CPN (5). The renewable
cardanol and phosphorous content in the CPN monomer are 65.7% and 3.4%
respectively.

The cardanol (CPNy) monomer was synthesised as per the procedure reported
[71]. The monomer combinations are named as CPNx, here x is percentage weight
of CPN incorporated in the CPNy monomer and blends developed are named as
CPNyy, and CPNgg. The polymerization of CPN, CPNgg, CPN;o, andCPN, was
accomplished in a hot air oven at the temperature of 50°C, 100°C, 120°C, 150°C,
180°C, 200°C, 220°C, 240°C for each 1 h and followed by further heating at 240 °C
for 0 h, 1h, 1.5 h and 2 h. The prepared poly (CPNx) (Figure 2) was utilized for
further characterizations.

39



Flame Retavdant and Thermally Insulating Polymers

OH —
a.c A K,CO, NaOH, Methanol ;4
NEN . ”/ 5 Acetone 2N\
C"'];\N;]‘)l’c' \) Water
Cl Cl HNT/O reflux for 4 days reflux for 24 h
¢ CisHz—7
{ \(ﬁu\\ .
b0 1T Lo CH,0 OB
,c-”\\‘nO;P,h l{\h 7 XN ) - THF B
07N O Np Reflux for 4 days N
N ~ \
S o
Cysty e () ottt
I 15H31 OH
A Ly
] o
) ST,
~
C15H3]
()
Figure 1.

Divergent approach for the synthesis of cardanol phosphazene benzoxazine monomer (CPN).
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Figure 2.
Ring opening polymerisation of CPN monomer to form polyphosphazene polybenzoxazine.

The limiting oxygen index (LOI) of the polymers was calculated from TGA
using van Krevelen’s equation and the values obtained are presented in Table 1. If a
polymer possesses the value of LOI is less than 20.9%, it burn simply in air; 21-28%
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Samples Phosphorus Cardanol  Char(%) LOI UL-94 Smoke Reference
(%) (%) residue density
CPN, 0 70.40 14.0 (0%) 23 (18%) V-2 77.70 [71]
CPNyo 0.30 70.00 24.0(7%) 27 (20*) V-1 70.70 [71]
CPNgg 2.70 66.80 32.0(26") 30 (28*) V-0 34.30 [71]
CPN 3.40 65.70 39.0(28%) 33 (29%) V-0 33.90 [71]
C-trisapm (T) 0 70.40° 8.30 20.82 54.60 [72]
CPT; 119 23.28° 28.50 28.90 51.60 [72]
CP;T, 3.56 69.83° 4270 34.58 47.50 [721
CP 4.79 93.10 29.30 29.22 34.01 [72]
EP;T; 2.09 21.97° 28.70 28.98 35.39 [72]
EP;T; 6.26 65.92° 28.50 289 39.83 [72]
EP 8.34 87.89° 32.40 30.46 18.80 [72]

“Air atmosphere.
bRenewable phenol (%).

Table 1.
Thermal and flame vesistant (LOI, UL-94 and smoke density) properties of bio-based polybenzoxazine
matrices and composites.

slowburning; 28 to 100% self-extinguishing; and > 100 is considered as inherently
non-flammable [71]. From the Table 1, an increment in the value of LOI is reliant
on the weight percentage content of phosphorous signifying the role played by CPN
core in flammability. The vertical burning test (UL-94) was adopted to check the
flammability features of poly(CPNx) and the values obtained are presented in
Table 1. The poly(CPNg) was burnt immediately with a lower combustion time
along with fire drippings. The flame resistance properties was increased with an
increase in weight content of phosphorus which substantiates with LOI results.

A smoke density test was carried out to ascertain the relative quantities of smoke
produced during burning of poly(CPNy). The neat poly(CPNy) indicated nearly
very low residue char which crumbled in the mesh, whereas phosphazene
containing poly(CPNy,), poly(CPNg), and poly(CPN) exhibited high char residue
and perceived smoke density rating of 77.7, 70.8, 34.3 and 33.9 respectively. The
comparative variance in smoke density was observed as 6.9 and 43.4 with 10 wt%
and 80 wt.% respectively with introduction of CPN proposing a substantial role
frolicked by CPN core in the decrease of smoke density in case of poly(CPNy).

Further to confirm the flame retardant mechanism, SEM was performed to
check the morphology of the residual char samples after smoke density analysis and
are depicted in Figure 3. From SEM images, it was noticed that the several undula-
tions and ripples in the cases of poly(CPNy), and poly(CPNy,) due to the presence
of a higher amount of flammable matrix (Figure 3a and b). The formation of bigger
cracks (20-30 pm) on exterior surface was observed in the residue of poly(CPNy).
The cracks were significantly decreased with the introduction of CPN, as observed
from the exterior surfaces of poly(CPNjq), poly(CPNgo), and poly(CPN). Both poly
(CPNgp), and poly(CPN) formed a extremely compact and thick charred layers
with combined enlarged residual char. Analysis of interior surface morphology
exhibited the development of bigger porous structures with smoother surface while
a several honeycombed micro-structures with fizze detached by precise tinny layers
was perceived with higher in weight content of phosphorous in the residue. The
larger surface area exhibited by such inter-connected system of voids alleviate
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Figure 3.

SEM images of exterior (a, b, c, d) and interior (a’, b’, ¢, &) surfaces of vesidual char (a, a’) poly(CPN,),
(b, b’) poly(CPN,,), (c, ¢’) poly(CPNg,), and (d, d’) poly(CPN) samples [71].(Copyright 2018. Reproduced
with permission from American Chemical Society).

altercation of heat and oxygen (air), which in turn contributes to an enhanced
resistance against flame.

Further, to improve the flame resistant behaviour of polymers, the same
research group have reported [72] the introduction of hexacardanolphosphazene
(CP) /hexaeugenolphosphazene (EP) as a flame retardant additives in to cardanol
based tris-benzoxazine monomer (C-trisapm). The flame retardant properties of
resulting matrices were studied using LOI, UL-94, and smoke density analysis.
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Figure 4.
Synthesis of EP and CP.

42



Development of Halogen Free Sustainable Polybenzoxazine Matrices and Composites for Flame...
DOI: http://dx.doi.org/10.5772/intechopen.98470

Hexaeugenolcyclotriphosphazene (EP) was synthesized (Figure 4) as per the
reported procedure [72] as follows; in a 250 mL RB flask comprising a mixture of
acetonitrile and acetone (1:3 ratio) under N, atmosphere, K,CO3 (143 mmol) was
added. Eugenol (1.15 mmol) was dissolved in acetone and added to the above
mixture, followed by the addition of N3P3Clg (14.3 mmol). The reaction mixture
was heated to 80°C and stirred for 18 h, and then allowed to cool to room temper-
ature and evaporate the solvent. The residue was dissolved in ethyl acetate and the
organic phase was washed with DM water, followed by addition of 5% NaOH and
water until to obtain neutral pH. The organic layer was dried over sodium sulfate
and the solvent was evaporated. Finally, the compound was purified by column
chromatography using 10% ethyl acetate in hexane yield a white solid of EP.

Hexacardanolcyclotriphosphazene (CP) was synthesized (Figure 4) as per the
reported procedure [72] using cardanol (115 mmol) was added with acetonitrile,
followed by K,CO3 (143 mmol). A solution of N3P;Clg (14 mmol) dissolved in
acetonitrile was added to the reaction solution. The mixture was heated to 85°C and
stirred for 36 h followed by work up as per the above procedure (EP). Finally, the
crude compound was purified by column to get CP as a brown transparent liquid.

Polymer blend were prepared with three varying weight percentage of EP/CP,
C-trisapm of 1:3, 1:1, and 3:1, by simple mixing of CP/EP and C-trisapm using
tetrahydrofuran (THF) (Figure 5). After vaporizing the THF under the vacuum,
the attained resultant mixture was thermally treated at 50, 100, 120,160, 180, 200,
230, and 250°C for each 1 h. The blends are abbreviated as CPxTy or EPxTy where x
and y are the weight percentage ratios in the blends, and T is represented for
C-trisapm.

The LOI value of poly(C-trisapm) was changed from 20 to higher values (34.58
for CP5T,) in the case of blends. An introduction of 1.1 wt% of phosphorous (P) in
C-trisapm indicated slow burning features and all other blends exhibited self-
extinguishing features. The smoke density results, C-trisapm, which burns with a
smoke emission of 37.80%, while those of CP and EP with P weight percentage
contents of 4.75 and 8.34 wt% exhibit the value of smoke density of 34.01 and
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Figure 5.
Plausible polymerization reactions: (A) self-crosslinking via double bonds, (B) oxazine ring-opening

polymerization, (C) Co-polymerization: Co-reaction of double bonds and oxazine ring [72]. (Copyright 2020.
Reproduced with permission from Frontiers in Chemistry).
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18.80 wt% respectively. Reduction in values of smoke density are due to the higher
amount of phosphazene moiety present in the polymers. The UL-94 test is a vertical
burning test that decides the vertical burning properties of a polymers (Table 1).
Neat polyhexacardanolcyclotriphosphazene (poly(CP)) and its reactive blends did
not catch fire instantly, dissimilar to poly(C-trisapm). The flame resistant charac-
teristics of cross-linked CP/C-trisapm blends was found to increase with increase in
P weight percent content, which supports the results of values of LOL

Morphology of both the interior and exterior surface of the char residue attained
after smoke density test was determined using SEM analysis and the images are
presented in Figure 6. With an increasing the weight percentage of CP, the surface
exterior morphology reformed to smoother surface from rippled, whereas surface
interior indicated a porous honey-combed structures detached by tinny layers of
border. The founding of cracks and bubbles are agreed to the stiff outer layer in case
of EP comprising co-polymers, which might have rupture to discharge the inter-
change of heat and oxygen, thus hindering the propagation of fire as a measure of
structural safety.

To improve the flame and thermal properties, M. Alagar and his research team
have reported [34, 36] hybrid approach using silica (nano-silica through in-situ sol-
gel/or bio silica derived from rice-husk ash) as reinforcement in to cardanol based
benzoxazine (Figure 7). Introduction of inorganic constituent 3-mercaptopropyl-
trimethoxysilane (MPTMS) in to cardanol/furfurylamine based benzoxazine (BZ-
C-F) via thiol-ene reaction followed by in-situ sol-gel techniques using
tetraethoxysilane (TEOS). From thermal studies the percentage char yield indicates
an increase of about 4.2 times (11.11 to 48.63%) and the values of LOI 21.94 to 36.95
for PBZ-C-F hybrids (Table 2) respectively. Functionalized bio-silica (FRHA)
(0,1, 5,10, 15, and 20%) reinforced tri-substituted cardanol benzoxazine (CBz)
(Figure 8), the value of LOI was increased with increase in weight percentage
content of FRHA. Among the composites developed, 20 wt% FRHA reinforced CBz
composites possesses the highest value of LOI of 36%, which is higher than that of
values obtained for other composite samples. Also, the UL-94 vertical burning

Figure 6.

Digital images of cured samples of (a) poly(CP), (b) poly(CP,T,), (c) poly(CP,T;) before (a, b, c) and after
burning (a', b', c'); SEM images of poly(CP), poly(CP;T,), poly(CP,T;) surfaces of residual char: exterior
(d, e, f) and interior (as inset) (d', €, f), vespectively [72]. (Copyright 2020. Reproduced with permission
from Frontiers in Chemistry).
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. B:
C-ida R= CysHys 3 CBe

Figure 7.
Schematic synthesis of cardanol based benzoxazine monomers.

result (Table 3) indicates the neat CBz and CBz/FRHA (1 wt%) exhibit no rating,
while 5 and 10 wt% FRHA reinforced CBz composites possess the V-2 rating. 15 and
20 wt% FRHA reinforced CBz composites showed the V-1 rating. The thermal
stability and flame resistant behaviour of PBZ-silica hybrid materials are higher
than those of neat PBZ as well as traditional PBA-a, due to the hybridization of silica
component through chemical interaction. Further, the incorporation of higher
amount of silica into the PBZ matrix reduced the volatile decomposition. In addi-
tion, the silica components offer the additional heat capacity which restricts the
materials against thermal degradation.

In addition, the same research group have also reported [73] the eco-friendly
cardanol-based benzoxazines (C-ida and C-pyta) synthesized from hetero-cyclic core
amines (Figure 7), such as pyridine core triamine (pyta) and tetraarylimidazole core
diamines (ida). Further, bio-composites were also prepared using 3-glycidoxypropyl-
trimethoxysilane (GPTMS)-functionalized bio-silica (1, 3, 5, 7, and 10 wt%) obtained
from rice husk. The thermal stability of developed PBz and its composites (Figure 9)
is analyzed using TGA and the values obtained are presented in Table 2. As the bio-
silica weight percentage content increases, the degradation temperature and the value
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Samples Char(%) residue LOI Reference
PBZ-C-F 11.11 21.94 [36]
PBZ-C-F-S-1 35.32 31.63 [36]
PBZ-C-F-S-2 41.51 34.10 [36]
PBZ-C-F-S-3 42.96 34.68 [36]
PBZ-C-F-S-4 43.77 35.01 [36]
PBZ-C-F-S-5 48.63 36.95 [36]
Poly(C-ida) 24.00 27.10 [73]
Poly(C-ida) + 1 wt% SiO, 27.00 28.20 [73]
Poly(C-ida) + 3 wt% SiO, 28.00 28.70 [73]
Poly(C-ida) + 5 wt% SiO, 30.00 29.50 [73]
Poly(C-ida) + 7 wt% SiO, 32.00 30.30 [73]
Poly(C-ida) + 10 wt% SiO, 35.00 31.50 [73]
Poly(C-pyta) 29.00 29.10 [73]
Poly(C-pyta) + 1 wt% SiO, 30.00 29.50 [73]
Poly(C-pyta) + 3 wt% SiO, 32.00 30.30 [73]
Poly(C-pyta) + 5 wt% SiO, 33.00 30.70 [73]
Poly(C-pyta) + 7 wt% SiO, 35.00 31.50 [73]
Poly(C-pyta) + 10 wt% SiO, 38.00 32.70 [73]
POSS-EPBz 24.00 24.00 [74]
POSS-GPBz 38.00 38.00 [74]
POSS-VPBz 36.00 36.00 [74]
SBz 20.00 25.00 [37]
SBz/FBS(1%) 21.00 26.0 [37]
SBz/FBS(3%) 23.00 27.00 [37]
SBz/FBS(5%) 25.00 28.00 [37]
SBz/FBS(10%) 27.00 29.00 [37]
FBz 46.00 36.00 [37]
FBz/FBS(1%) 47.00 36.00 [37]
FBz/FBS(3%) 48.00 37.00 [37]
FBz/FBS(5%) 50.00 38.00 [37]
FBz/FBS(10%) 53.00 39.00 [37]
PBZ-E-F 41.32 34.03 [75]
PBZ-E-F-S-1 53.64 38.96 [75]
PBZ-E-F-S-2 55.43 39.67 [75]
PBZ-E-F-S-3 62.78 42.61 [75]
PBZ-E-F-S-4 65.16 43.56 [75]
PBZ-E-F-S-5 67.54 44.52 [75]
PE-fa 52.00 38.30 [76]
PIE-fa 60.00 41.50 [76]
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Samples Char(%) residue LOI Reference

BGF-FPbz 52.4 38.50 [51]

BGF-SPbz 38.2 32.80 [51]
Table 2.

Thermal and flame vesistant (LOI) properties of bio-based polybenzoxazine matrices and composites.
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Figure 8.
The proposed schematic representation for the formation of CBz/FRHA composites [34]. (Copyright 2020.
Reproduced with permission from Springer).

Samples Char(%) residue LOI UL-94 Reference
CBz 12.00 22.00 — [34]
CBz/FRHA (1 wt%) 18.00 25.00 — [34]
CBz/FRHA (5 wt%) 32.00 30.00 V-2 [34]
CBz/FRHA (10 wt%) 36.00 32.00 V-2 [34]
CBz/FRHA (15 wt%) 40.00 34.00 V-1 [34]
CBz/FRHA (20 wt%) 47.00 36.00 V-1 [34]
Table 3.

Thermal and flame vesistant (LOI and UL-94) properties of bio-based polybenzoxazine matrices and composites.

of char yield are increased. The presence of hetero-cyclic pyridine core and silica
(Si-O-Si) inherently provides to the higher thermal stability. The LOI value of pyri-
dine core cardanol-based polybenzoxazine possesses a higher residual char (29.1%)
than that of other cardanol based PBz’s. The values of LOI were increased with
increase in weight percentage content of bio-silica. Among the composites studied,
10 wt% bio-silica reinforced composites indicated the LOI value of 32.7.
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Preparation of bio-silica reinforced, (A) C-ida polybenzoxazine and (B) C-pyta polybenzoxazine composites
[73]. (Copyright 2020, Reproduced permission from Society of Plastics Engineers).
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Figure 10.
Synthetic routes of BA-DOPO and cardanol based benzoxazine monomer (C-dopo).

Xin Wang and Yuan Hu research group have reported [77] the phosphorus-

containing cardanol based benzoxazine (C-dopo) monomer (Figure 10) and was
synthesized using cardanol, DOPO-based diamine (BA-DOPO) and formaldehyde.
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Later, epoxy (EP)-C-dopo composites was developed by thermally activated poly-
merization. To addition, to improve the flame resistant efficacy, BG nano-sheets
was introduced in to EP-C-dopo systems. The influence of cardanol based
benzoxazine and BG nano-sheet on thermal, and flame retardant properties of EP
resin was studied. The flame retardant properties of cured EP and EP/C-dopo com-
posites were studied using LOI and UL-94 vertical burning performance, as presented
in Table 4. Neat epoxy has a LOI value of 25%, and burns aggressively with no UL-94
classification. The introduction of flame retardant C-dopo prompts a remarkable
increment in the LOI values and UL-94 rating. 10 wt% C-dopo introduced EP/C-
dopo-1 system shows the LOI value of 31% and V-1 rating in UL-94 test. Further,
increasing the C-dopo amount marginally increase the LOI values and achieved as V-
0 rating from UL-94. In contrast, in combination of 8 wt% C-dopo and 2 wt% boron-
doped graphene (BG), the EP/C-dopo/BG-1 system passed V-0 rating from UL-94
test, signifying the presence of BG effectively depresses the ignition ability of the EP
composites. Further, the EP/C-dopo/BG-2 and EP/C-dopo/BG-3 systems exhibit
higher LOI values and UL-94 V-0 rating performance.

The flammability behavior of cured EP and EP/C-dopo composites was further
analyzed with cone calorimeter. Table 4 shows the total heat release (THR) and
heat release rate (HRR) values of EP and EP/C-dopo composites. Numerous signif-
icant flame related parameters including time to PHRR (TPHRR), time to ignition
(TTI), peak heat release rate (PHRR), THR, smoke produce rate (SPR) and fire
growth rate index (FIGRA) are presented in Table 4. From the MCC data, neat EP
shows a high PHRR value of 1262 kW/m?. While, the PHRR of the 10 wt% EP/C-
dopo composites decreases to 1119 kW/m?. Subsequent increasing of C-dopo con-
tent leads to further reduction in PHRR values to 920 and 962 kW/m?, respectively.
Further introduction of BG nano-sheet in to EP/C-dopo composites leading to the
further reduction in PHRR to 870 kW/m?2, 650 kW/m?, and 716 kW/m? for EP/C-
dopo/BG-1, EP/C-dopo/BG-2 and EP/C-dopo/BG-3, respectively. The most sub-
stantial PHRR reduction is perceived in case of EP/C-dopo/BG-2. THR of neat EP
indicates the speedy heat release and reached the value of 84.7 MJ/m” at the end of
combustion. In contrary, both of EP/C-dopo and EP/C-dopo/BG composites
observed as lower heat release to certain amount, suggesting that the introduction
of C-dopo and BG into EP possibly will trigger to reduce the combustible volatile
product. The incorporation of C-dopo leads to a marginal reduction in TTI. Further,
the introduction of BG into EP/C-dopo increases the TTI, owing to the “tortuous
path” influence of BG that retards the volatilization of combustible degradation
products. Neat EP, EP/C-dopo systems reveal no changes in the value of SPR, while

Sample Formulations LOI UL- TTI Tpyrr PHRR  THR SPR FIGRA

m % 94 (s) (s) (kW/m?) (MJ/m?) m?/s l;z\s/;
EP 00 0 0 25 NR 53 110 1262 847 0.40 115
EP/C-dopo-1 90 10 0 31 V-1 49 9 1119 805 039 122
EP/C-dopo-2 85 15 0 32 V-0 50 95 920 79.4 040 97
EP/C-dopo-3 80 20 0 33 V-0 50 100 962 772 038 9.6
EP/C-dopo/BG-1 90 8 2 30 V-0 49 89 870 759 029 9.8
EP/C-dopo/BG-2 8 13 2 33 V-0 5 120 650 744 029 5.4
EP/C-dopo/BG-3 80 18 2 33 V-0 56 120 716 787 031 6.0

Table 4.
Formulations and flame retavdant properties of neat EP, EP/CBgz and EP/CBg/BG composites.
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the EP/C-dopo/BG system indicate the lower value of SPR, designating that BG
nano-sheet with proficient barricade effect can help as suppressant of smoke in the
burning method. The FIGRA of the neat EP is 11.5 kW/(m*-s). In comparison,
excluding that the EP/C-dopo-1 system displays a marginally improved value of
FIGRA, all other systems display lower value of FIGRA. The most noticeable result
is perceived in case of EP/C-dopo/BG-2 (5.4 kW/ (m?s)), suggesting the consider-
ably inhibited fire hazards.

3. Eugenol based polybenzoxazines for flame resistant applications

Among renewable phenolic alternatives to substitute the conventional phenolic,
eugenol appears as most imminent raw-materials for the sustainable PBz’s production
owing to their abundance availability and low cast production. Eugenol is obtained
from several bio-sources including, clove, tulsi, cinnamon, pepper, turmeric, and
thyme. The eugenol structure is very exciting as allyl functional group permits addi-
tional cross-linking with numerous functional groups. In addition, the phenolic group
offers numerous chemical reactions and formation of products including esterifica-
tion, cyanogenation, alkylation, and novalac, epoxy and BZs, etc.

Sarojadevi Muthusamy research group reported [74] the successful synthesis of
the polyhedral oligomeric silsesquioxane (POSS) tethered PBz nano-composites
using renewable bio-phenols (eugenol, guaiacol, vanillin), POSS-octaamine with
paraformaldehyde through Mannich reaction. The developed POSS-PBz nano-
composites (Figure 11) from sustainable bio-sources have a great potential applica-
tion as high-performance materials owing to its excellent thermal and flame resis-
tant properties. Thermal and flame resistant properties of POSS-PBz nano-
composites were determined using TGA under nitrogen atmosphere. The char yield
percent and LOI values (Table 2) are found to be 24, 38, 36 and 27.1, 32.7, 31.9
respectively for POSS-EPBz, POSS-GPBz, and POSS-VPBz. Among the nano-
composites developed POSS-GPBz nanocomposites shows better thermal and flame
resistant properties over other two POSS-PBz systems.

Alagar group have also reported [37] the new type of bio-based PBz’s synthe-
sized using eugenol and furfurylamine/stearylamine through greener synthetic
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Figure 11.

Synthesis POSS based renewable benzoxazine monomers.
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Synthesis of eugenol based benzoxazine monomers using different amines.
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Figure 13.
The schematic representation for the formation of FBS/FBz and FBS/SBz [37] composites.

approach (Figure 12). The synthesized benzoxazine monomers were further
reinforced with varying weight percentage content (0, 1, 3, 5, and 10 wt%) of bio-
silica obtained from rice-husk to fabricate PBz hybrid composites (Figure 13). The
TGA results obtained inferred that the developed bio-silica reinforced PBz compos-
ites possess the higher thermal and improved flame resistant properties. The
furfuryl amine based PBz (FBz), the char yield value was increased to 53% from
46%. In case of stearyl amine based PBz (SBz), the char yield value was increased to
27% from 20%. The value of char yield of SBz is lower than that of FBz because of
the presence of long aliphatic chain. In common, the polymeric materials with LOI
values more than 26 are considered as flame-retardant materials, it was found that
the bio-silica reinforced bio-based PBz’s composites possess the LOI values of 25 to
39 (Table 2), signifying an enhanced flame resistant nature of the developed
bio-based PBz composites.
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Schematic representation for the preparation of renewable PBZ—E-F- silica hybrids [75].
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Figure 15.
Synthesis of renewable bio-based isomeric benzoxazine E-fa and IE-fa.

In addition, the same group have further reported [75] the high thermal and
flame resistant PBz-silica hybrid materials were synthesized using eugenol and
furfurylamine via sol-gel-techniques (Figure 14). An inorganic component of
TEOS was introduced into eugenol- benzoxazine (BZ-E-F) with the help of
MPTMS as a coupling agent viz. thiol-ene click approach. The thermal studies
indicate that the char yield increases to 67.54 from 41.32 (neat PBz) and LOI
increased to 44.52 for PBZ-E-F silica hybrid from 34.03 for neat PBz (Table 2).

Bimlesh Lochab research group have reported [76] the synthesis of sustainable bio-
based benzoxazine monomers (Figure 15) using isomeric phenols, eugenol (E) and
iso-eugenol (IE), and furfurylamine (fa) to form E-fa and IE-fa monomer, respec-
tively. The monomers differ in the position of the double bond in the p-substituted
propylene unit forming non-conjugated Vs. conjugated alkylene chain with the ben-
zene ring containing benzoxazine in E-fa and IE-fa respectively. In comparison to
other bio-based PBz’s, both PE-fa and PIE-fa exhibited the higher thermal stability and
high flame resistant properties. The char residue values of PE-fa and PIE-fa are 52 and
60 respectively and the LOI values observed are 38.3 and 41.5 respectively (Table 2).
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Synthesis of fully bio-based mono and tri-furan functional mono and bis-benzoxazine vesin.

4. Guaiacol based polybenzoxazine for flame resistant applications

Kan Zhang research group have developed [78] the fully bio-based tri-furan
functional bis-benzoxazine resin (Figure 16) and was synthesized using furfural,
guaiacol, furfurylamine and paraformaldehyde via a two-step reaction approach. In
the first step, bio-based bis-phenol containing furan ring was synthesized using
furfural and guaiacol via base mediated condensation reaction. Then the bio-based
sustainable tri-furan functional bis-benzoxazine (FBP-fa) was synthesized using
bio-based bis-phenol, furfurylamine and paraformaldehyde through greener
approach. The flammability behaviour of poly(GU-fa) and poly (FBP-fa) was
assessed using LOI. As a result, poly(GU-fa) and poly(FBP-fa) show LOI values of
39.9 and 42.3 respectively. Both PBz’s possess better LOI values in the self-
extinguishing region (LOI > 28). Also MCC analysis was utilized further to assess
the flammability performance of poly(GU-fa) and poly(FBP-fa). From the MCC
characterization of poly(GU-fa) and poly (FBP-fa) display HRC values of 79.6 and
30.4 J/gK, respectively (Table 5).

Sample Char residue (%) LOI % HRC (J/gK) THR (KJ/g) Reference
Poly(GU-fa) 56 39.9 70.6 6.5 [78]
Poly(FBP-fa) 62 23 30.4 5.8 [78]
Poly(RES-a) 55 79.7 15.9 [45]
Poly(RES-ac) 74 30.7 6.0 [45]
Poly(RES-ch) 59 73.4 14.2 [45]
Poly(RES-fa) 64 54.0 9.3 [48]
Poly(API-fa)-1 63 42.7 22.5 11.2 [79]
Poly(API-fa)-1 66 43.9 20.2 9.4 [79]
Poly(NAR-fa) 64 31.9 6.6 [80]
Table 5.

Formulations and flame vetardant properties of bio-based polybenzoxazines.
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Synthesis of bisguaiacol-F (BGF) and BGF based benzoxazine monomers.

Further, poly(GU-fa) infers the THR value of 6.5 KJ/g, whereas poly(FBP-fa)
displays a fairly lower THR value of 5.8 KJ/g. The data of flame related properties of
both PBz’s are presented in Table 5. Unexpectedly, the HRC value of developed
poly (FBP-fa) gives significantly lower value than that of earlier reported polymers.
Furthermore, poly(FBP-fa) displays very lower flammability characteristics than
that of many other reported PBz’s. It is well-known that the HRC value less than
300 J/gK can be observed as self-extinguishing while, whereas the HRC values less
than 100 J/gK are designated as non-ignitable materials.

M. Sarojadevi research group have also synthesized [51] the BGF and BGF-based
benzoxazines (Figure 17) viz., bis[ (3-(furan-2-yl) methyl)-3,4-dihydro-2H
benzoxazin-6-yl] methane and bis[(3-octadecyl)-3,4-dihydro-2H benzoxazin-6-yl]
methane as an substitute to BPA. The LOI values (Table 2) of the BGF-FPbz and
BGF-SPbz was found to be 38.5 and 32.8 respectively indicating the high flame
retardancy. As expected, the developed PBz’s with these LOI values are greater than
26 endorsing outstanding flame resistant property.

5. Resveratrol based polybenzoxazine for flame resistant applications

Hatsuo Ishida and Kan Zhang group reported [45, 48] the series of thermally
stable and flame resistant resveratrol-based tri-functional benzoxazine monomers
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Figure 18.
Synthesis of resveratrol-based tri-functional benzoxazine monomers.
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Figure 19.
Schematic representation of proposed thermal behaviors of RES-ac.

(Figure 18) have been produced using resveratrol, different amines (aniline, 4-
chloroaniline, 3-aminophenylacetylene, and furfurylamine) and paraformaldehyde.
The thermal and flammability performances of the developed PBz’ are studied
using TGA and MCC respectively. Among the benzoxazine studied, resveratrol-
based, tri-functional benzoxazines containing acetylene possesses the highest ther-
mal stability with a value of T, over the 350°C, 10% weight loss at 465°C, and char
yield of 74%. Further, the developed polybenzoxazine infers the extremely low heat
release capacity of 30.7 J/gK and total heat release value of 6.0 kJ/g.

MCC analysis was performed to analyse the quantitative features of flame resis-
tance of PBz’s. Usually, the extreme value of specific HRR can be used to assess the
HRC, which is considered as unique best single interpreters for the flame resistance
of materials. Here, poly(RES-a), poly(RES-ch), poly(RES-ac) (Figure 19), and poly
(RES-fa) were analysed at the heating rate of 1°C/s over the temperature range
100 ~ 750°C. As illustrated in MCC results (Table 5) of poly(RES-a), poly(RES-
ch), poly(RES-ac) and poly(RES-fa) indicate HRC values of 79.7, 73.4, 30.7, and
54 J/gK, respectively. Moreover poly(RES-a), poly(RES-ch), and poly(RES-fa)
exhibit THR values of 15.9, 14.2, and 9.3 KJ/g, while poly(RES-ac) shows a lower
THR value of 6.0 KJ/g. The data obtained from thermal and flame resistant
properties for PBz’s are presented in Table 5. The value of HRC for poly(RES-ac) is
significantly lesser than those of other polymers. Moreover, the HRC value of poly
(RES-ac) is even lower than that of the thermosets from ortho-amide and ortho-
imide benzoxazines, which exhibited one of the lowest HRC values of all polymers.
Obviously, the PBz formed from the ring opening polymerization along with the
cyclo trimerization of acetylene results in a considerable HRC reduction. Thus, the
newly developed resveratrol-based tri-benzoxazine monomer containing acetylene
group has greatest prospective applications as anti-flammable and fire resistant
matrix for advanced composites.

6. Apigenin based polybenzoxazine for flame retardant applications

Kan Zhang research group reported [79] the synthesis of a new fully bio-based
bis-benzoxazine (API-fa) (Figure 20) using apigenin as phenolic precursor and
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Synthesis of apigenin-based bis-benzoxazine (API-fa).

furfurylamine as amine precursor both derived from bio-sources. The well-
structured intra-molecular hydrogen bond in API-fa is probable to be a stable latent
heat formulation, which prolongs the shelf life of the Bz resin. Besides, the
benzopyrone and furan rings with carbon-carbon double bonds in the API-fa are
proficient of making further cross-linking networks, which are anticipated to con-
siderably increase the mechanical, thermal and flame resistant properties of the
resulting PBz thermosets. Remarkably, the thermal possessions of the API-fa based
PBz achieved in this work are considerably higher than those of recently reported
PBz’s. The resulting polymerized PBz thermoset developed from API-fa indicates
the high glass transition temperature of 376°C, a higher char residue of 66%, with
an extremely lower heat release capacity of 20.2 J/gK (Table 5).

Thus, the LOI values obtained for poly (API-fa)-1 and poly(API-fa)-2 are as high
as 42.7 and 43.9, respectively (Table 5). From the MCC analysis of poly(API-fa)-1
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Figure 21.

Microscale combustion calovimetric (MCC) analysis of poly(API-fa)-1 and poly(API-fa)-2. (a) heat velease
rate, and (b) total heat release as a function of the temperature [79]. (Copyright 2020, reproduced permission
from Royal Society of Chemistry).
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and poly(API-fa)- 2 was presented in Figure 21. Figure 21a, HRR maximums are
perceived at 225°C and 591°C for poly(API-fa)-1 and poly(API-fa)-2, respectively.
Also, the values of HRC are observed as 22.5 and 20.2 J/gK respectively. Further-
more, poly(API-fa)-1 indicates the THR value of 11.2 KJ/g, whereas poly(API-fa)-2
shows a moderately lower value of THR (9.4 KJ/g) (Figure 21b). These results
support the very exceptional flame retardant behaviour of apigenin based
polybenzoxazines.

7. Naringenin based benzoxazine for flame retardant applications

Kan Zhang et al., synthesized [80] a fully bio-based benzoxazine monomer
(NAR-fa) using Naringenin, furfurylamine and paraformaldehyde (Figure 22).
Thermal properties of the resulting co-polymeric thermosets were maintained or
slightly enhanced, while those related to flame retardancy improved to about 38 and
51% for THR and HRC, respectively (Table 5).

Figure 23 displays the graphic representation of the HRR as a function of
temperature, where the maximum HRR is detected at 455°C. From Figure 23, it was
calculated a HRC and THR of 31.9 J/gK and 6.6 K]/g, respectively. The HRC value
for poly(NAR-fa) is significantly lower than those reported for PBz’s with high
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Figure 22.
Synthesis of fully bio-based naringenin-benzoxazine monomer (NAR-fa).
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Figure 23.
Microscale combustion calovimetric (MCC) analysis of poly(NAR-fa). (a) heat velease rate, and (b) total heat

release as a function of the temperature [80]. (Copyright 2020, reproduced permission from Royal Society of
Chemistry).
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flame resistance properties attained upon polymerization of ortho-imide and
ortho-amide functionalized benzoxazine monomers. These results show that poly
(NAR-fa) can indeed be classified as non-ignitable given that its HRC is lower than
100 J/gK.

8. Phloroglucinol based polybenzoxazine for flame retardant
applications

Phloroglucinol (P) is also a kind of bio-based renewable phenolic material
widely occurred in greenery plants, and it contains three phenolic hydroxyl groups
can form a three-arm benzoxazine monomer, which possibly increase the cross-
linking density of cured PBz resin result in higher thermal stability, mechanical
behaviour and other properties. Zuomin Zhan et al. reported [81] the development
of fully bio-based low temperature cured polybenzoxazines. In order to achieve
high thermal stability, bio-mass-derived phloroglucinol (P) as phenol source,
furfurylamine (FA) or P-amino benzoic acid (PABA) as amine source and
paraformaldehyde were used to synthesize two novel fully bio-based benzoxazines
(Figure 24). The obtained fully bio-based polybenzoxazines possesses a high char
yield of 53.0%, low HRC of 37 J/gK and a low THR of 8.3 kJ/g.

The key combustion parameters, including HRC, THR, PHRR and TPHRR, were
obtained and summarized in Table 6. MCC curves of all system exhibited dissimilar
two heat release peaks. HRC, THR and PHRRs of P(P-paba) were 86 J/gK, 12.3 kJ/g,
79.6 W/g and 39.6 W/g respectively and only about half of P(BA-a) (169.0 J/g'K,
23.6 kJ/g, 166.6 W/g and 94.0 W/g). Its TPHRR?2 (528°C) was 9°C higher than that
of P(BA-a) (519°C). These consequences were ascertained that the formation of
H-bonding in the molecular structure of P(P-paba) might effectively diminish the
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Figure 24.
Synthesis phloroglucinol based benzoxazine monomers (P-fa and P-paba).
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Sample Char HRC THR PHRR; Tpurri PHRR, Tpurro Reference
residue  (J/ (K)/  (W/g) (°C) (W/g) (°C)
(%) gk) g

P(P-fa) 53 37 8.3 37.8 348 21.8 441 [81]
P(P-fa (9.5) + P-paba 52 39 9.4 345 323 229 441 [81]
(0.5))

P(P-fa (9) + P-paba (1)) 53.3 38 9.2 34.0 312 22.3 454 [81]
P(P-fa (8) + P-paba (2))  50.3 45 9.8 39.7 305 23 465 [81]
P(P-paba) 34.7 86 12.3 79.6 300 39.6 528 [81]
P(BA-a) 30.6 169  23.6 166.6 448 94.0 519 [81]

Table 6.

Thermal and flame vetardant properties of bio-based phloroglucinolbased tri-functional polybenzoxazines.

heat release values. Though, TPHRR1 of P(Ppaba) was about 300°C, signifying
again that the degradation of benzoxazine diminished without Mannich structure
formation. In comparison with P(P-paba), HRC value of 37 J/gK, THR value of

8.3 kJ/g and PHRRs value of 37.75 W/g and 21.84 W/g of P(P-fa) diminished
considerably, and merely 20-35% of those of P(BA-a), specifying that the presence
of furan group could enhance the additional cross-linking density and greatly
decrease the heat release of fully bio-based sustainable benzoxazine resins. Thus, it
may possibly be expected that P(P-paba) and P(P-fa) had possesses best flame
resistant behaviour than that of P(BA-a).

9. Summary and conclusion

In the present chapter, we have reviewed the synthesis of bio-based benzoxazine
monomers with varying molecular design including mono, di, tri, tetra, hexa, and
octa functional oxazine using renewable bio based raw materials such as cardanol,
eugenol, guaiacol, vanillin, phloroglucinol, naringenin, apigenin, resveratrol,
furfurylamine, stearylamine and etc. The present chapter also discusses the prepa-
ration of polybenzoxazine bio-composites using bio-silica, silica particle through
sol-gel approach and boron complexes and their thermal and flame resistant prop-
erties using various characterization techniques including LOI, UL-94 vertical flame
test, smoke density, SEM analysis, and MCC. Data obtained from the thermal and
flame resistant analysis, the newly developed resveratrol, phloroglucinol,
naringenin, apigenin based multi-functional benzoxazine has greatest prospective
applications as anti-flammable and fire resistant matrix for advanced composites
for several applications. Especially, the HRC and TRC value of poly(RES-ac) is
ominously lower than that of the thermosets from ortho-amide and ortho-imide
benzoxazines, which exhibited one of the lowest HRC values of all polymers. Thus,
this newly developed resveratrol-based tri-benzoxazine monomer containing acet-
ylene group has greatest prospective applications as anti-flammable and fire resis-
tant matrix for advanced composites. Consequently, these developments might be
very useful in fabricating new products for the next generation’s high-performance
and flame retardant uses by exploiting eco-friendly, sustainable and cost competi-
tive bio-based polybenzoxazine matrices and composites for varying range of
industrial and engineering applications.
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Chapter 4

Plant Uptake, Translocation and
Metabolism of PBDEs in Plants

Damniel Dobslaw, Bertram Kuch, Christine Woiski
and Martina Kiel

Abstract

Polybrominated diphenyl ethers (PBDEs) have been widely used as flame
retardants in concentrations up to 30 w% of the total mass of the products.
Worldwide consumption of technically relevant PBDE mixtures was about 7500
tons (penta-BDEs), 3790 tons (octa-BDEs) and 56,100 tons (deca-BDE) in 2001
and about 50-60% of this total volume was discharged into environment only by
agricultural use of sewage sludges. The use of PBDEs was strictly regulated from
2004 onwards due to their high emission load and their effect as endocrine dis-
rupters, neurotoxins, and fertility reducing agents. Nevertheless, soils worldwide
are contaminated by gaseous and particle-bound transport of PBDEs. Therefore,
the uptake of PBDEs from contaminated agricultural land via crops and the food
chain is a major human exposure pathway. However, uptake and intrinsic trans-
port behavior strongly depend on crop specifics and various soil parameters. The
relevant exposure and transformation pathways, transport-relevant soil and plant
characteristics and both root concentration factor (RCF) and transfer factor (TF)
as derivable parameters are addressed and quantified in this chapter. Finally, based
on available crop specific data a general statement about the transport behavior of
PBDE:s in twelve different crops according to relevant PBDE congeners is given.

Keywords: Plant uptake, translocation, root concentration factor, PBDE,
shoot concentration factor, food industry, crops

1. Introduction

Polybrominated diphenyl ethers (PBDEs) have been used for decades as flame
retardants in a wide variety of products. Notable among these are building insula-
tions, upholstered furniture, electrical goods, vehicles and aircrafts, foams, textiles,
electrical insulations, and a variety of technical plastics such as acrylonitrile-buta-
diene-styrene copolymers (ABS), high impact polystyrene (HIPS), polybutylene
terephthalate (PBT), or plain paper (PAP), where PBDEs were used in concentra-
tions of 5-30 percent by weight. Despite a spectrum of 209 PBDE congeners, only
three formulations were of technical relevance, namely pentabromodiphenyl
ether (penta-BDEs), octabromodiphenyl ether (octa-BDEs), and perbrominated
diphenyl ether (deca-BDE, BDE-209). The global demand (EU demand) of these
mixtures in 2001 was about 7500 tons (EU:150 tons), 3790 tons (EU: 610 tons), and
56,100 tons (EU: 7600 tons) [1]. The use of BDE-209 reached its peak in 2003-2006
with 30,000 tons (China), 9600 tons (EU), 5000-10,000 tons (Northern
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America), and 1600 tons (Japan) [2]. Because of their endocrine-disrupting
properties, neurotoxicity, and negative impacts on fertility as well as their high
environmental persistence, the use of these mixtures was strictly regulated by the
Stockholm Convention of 2001 and finally banned in 2004 (penta-BDEs, octa-
BDEs) and severely restricted for BDE-209 in 2019 according to the lower toxicity
in case of higher degree of bromination [3, 4].

As former high-volume chemicals PBDEs are ubiquitous in environment today,
but are mainly detectable in soil and dust samples. E-waste sites and waste water
sludge were identified as main sources with BDE-209 as dominant congener
[5, 6]. Hence, BDE-209 levels of 6.3-12,194.6 ng g DM (dry matter) at a ratio
of 35-89.6% of the total PBDE where detected on e-waste recycling sites [7-9],
while currently highest Y PBDE levels of 8.70-18,451 ng g DM were reported
for soil at an industrial production site of plastic parts in electrical industry in
Changzhou [10]. PBDE levels of 7240-10,469 ng g DM, 180-370,000 ng g DM,
and 270-110,000 ng g DM ™" were also reported as currently highest levels in dust of
industrial environment, house dust, and office dust samples in the UK, respectively
[11]. In sludge samples of both municipal and industrial waste water treatment
plants (WWTPs) in the USA, Turkey, and Hessian (Germany) levels of 85.5ng g
DM up to 2.5w% of Y PBDE were reported [12-14]. The annual input of PBDEs
into the environment in the USA was quantified as 47.9-60.1 tons, where 24.0-36.0
tons were located in sewage sludge [6].

As WWTP sludge is commonly used as fertilizer in agriculture, PBDE contami-
nation is not restricted to hotspots like e-waste sites, and ubiquitous spread is fur-
ther increased by gaseous and particulate-based transport of PBDEs. Consequently,
soil samples were positively tested towards PBDE contaminations in grassland and
forest soils of UK and Norway (Y PBDE: 65-12,000 pg. g DM ™) [15], Western
Austria (Y PBDE: 10.4-2744 pg. g DM™) [16], Germany (BDE-47: <27-505 pg. g
DM, BDE-209: <156-461 pg. g DM™) [17], and the Artic (}12PBDEs ex BDE-209:
120 pg. g DM, and Y PBDE: 1.7-416 pg. g DM ™) [17, 18].

Given the widespread distribution of PBDEs in soils, it can be assumed that they
are absorbed by plants to a significant extent and are then introduced into humans
via the food chain. The following sections are intended to show the factors influ-
encing the plant uptake of PBDEs and their degradation products and to examine
in detail the uptake and transport behavior of twelve selected crops. From these
data, generally valid relationships for other crops will be derived using simple key
parameters.

2. Physical characteristics and their effect on transport pathways and
plant uptake

Because PBDEs show a wide range of molecular weight (328-959 g mol ™),
lipophilicity (log Kow = 6-10), and volatility (log Koa = 9-16) [19, 20], BDE con-
gener specific transport and plant uptake mechanisms (soil-air-plant vs. soil-soil
moisture-root-plant) are highly different and dependent on specific substance
parameters (vapor pressure, Henry coefficient, air-plant partition coefficient, Kow
value, Koa value), meteorological parameters (temperature, wind rate, precipita-
tion, temporal rainfall distribution, deposition kinetics of gaseous and particulate
BDE:s), long range transport, plant specific characteristics (species, lipid content,
carbohydrate content, fiber content, foliage morphology, non-lipid plant parts,
rind consistency), and rhizosphere factors [18, 21-23]. Under aspects of trans-
port, low brominated BDEs (Br,-Br;) are mainly and medium brominated BDEs
(Br4-Brs), depending on the study, are minorly to dominantly distributed as gaseous

68



Plant Uptake, Translocation and Metabolism of PBDEs in Plants
DOI: http://dx.doi.org/10.5772/intechopen.95790

compounds (BDE-15: 100%; BDE-28: 35-60%), while transmission and deposition
of higher brominated congeners (Brs-Bryo) are obligatorily characterized by adsorp-
tion of BDEs on a particulate phase [17, 22-25]. As a result of the particle-bound
lower-range transport of the latter PBDES, the PBDE pattern in soil and plant
samples from densely populated regions and near hotspots shows high agreement
with the present PBDE emission spectrum, while in sparsely populated regions the
PBDE spectrum is dominated by low brominated congeners [7, 23]. Additionally,

a significant concentration gradient of ) ;PBDEs from both densely populated

to sparsely populated regions and from emission sites to adjacent region can be
observed [7, 26]. Hence, various studies around the world showed a wide range of
PBDE concentrations in dust samples of 4.33-370,000 ng g DM [11, 20, 27-31]
with a clear domination of BDE-209 in the range of 69.2-99.6% [11, 20, 25].

Due to the high molar mass and the lipophilicity of high brominated BDEs,
plant uptake by the soil-soil moisture-root-plant pathway is of low relevance and
restricted to low and medium brominated BDEs (Br,-Br;) like BDE-47, BDE-99
and BDE-100 [21, 32], even though intrinsic transport of BDE-209 was reported
by single studies [33-35], but disproved by Wu et al. [36], where plant availabil-
ity of BDE-209 was quantified as 0.3-0.5% of the initial soil concentration and
99.5-99.7% of BDE-209 are solely adsorbed on the soil matrix and the outer side
of the roots. Hence, atmospheric uptake of high brominated BDEs is the dominant
pathway, even though BDE-209 reveals a low ratio of 0.1% of the atmospheric
PBDE pattern [24, 37].

3. Human exposure to PBDE contaminations and uptake

As a result of the presence of gaseous and particulate PBDEs in air, the human
PBDE uptake is dominated by inhalation, but the relevance of this pathway is
strongly affected by atmospheric PBDE levels. Hites and Sjodin et al. reported
concentrations of 5.27-301 pg. m~> in ambient air and 0.06-67 ng m™> at indoor
air, but increased levels up to 312.1 ng BDE-209 m at a Swedish e-waste recycling
site [38, 39]. Average BDE-209 levels of 0.13 ng m~ (gaseous) and 140 ng m™
(particulate) were reported by Li et al. in 14 Chinese air samples and total BDE-
209 uptake by inhalation was quantified as 3000 ng d™* (respiration) and 69 ng d™’
(dust uptake), equivalent to 84% of the total daily uptake [40]. This finding was
validated by multiple studies. As a consequence, 16% of daily PBDE uptake, and
even higher ratios in case of lower ambient PBDE levels, are assigned to dietary
uptake underlining the relevance as second dominant pathway.

4. Transformation and detoxification of PBDEs in plants

While PBDEs in the atmosphere are photolytically transformed by hydroxyl-
ation und subsequent transformation to lower brominated congeners or ring closure
to the corresponding dibenzofurans [41, 42] and PBDEs in soil and sediments are
mainly mineralized by stepwise debromination or detoxified by hydroxylation
(OH-BDE) or methoxylation reactions (MeO-BDE) in the rhizosphere, strongly
affected by the degree of bromination, concentration of oxygen, organic matter
and microorganisms [43], intrinsic PBDEs in plants can be transformed by the same
three transformation pathways. Exemplarily, transformation of BDE-28 and BDE-
47 in maize was analyzed in detail by Wang et al. [44]. BDE-47 (Br,) was domi-
nantly converted to 6-MeO-BDE-47 (275 ngeg™' DM) in the root phase, followed by
5-MeO-BDE-47 (40 ngeg™' DM), Y Br,-BDEs (23 ngeg™' DM), Y Br3-BDEs (20 ngeg™’
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DM), and small quantities of two unidentified hydroxylated BDEs (8 ngeg™' DM)
with continued decrease over time, similar to the transformation behavior against
BDE-28 (Br3). Similar results were observed in plants of pumpkins, rice, wheat and
soybean for BDE-47 and BDE-99 with formation of 5-OH-BDE-47, 6-OH-BDE-47,
4’-OH-BDE-49, 4-OH-BDE-42, 4-MeO-BDE-42, and BDE-28 in case of BDE-47 as
parent congener, and with formation of 4-OH-BDE-99 and 4-MeO-BDE-99 in case
of BDE-99 as soil contaminant [45, 46]. The total PBDE levels clearly dropped in all
studies. In liver cells, transformation of both low and moderate brominated BDEs
was shown by cytochrome P450 monooxygenases and glutathione-S-transferase,
two enzyme complexes also found in plants, where they can potentially catalyze
the same reactions. However, both enzyme sets were induced by BDE-209, but this
congener was not converted [47]. In difference, various study showed comparable
PBDE patterns both in soil and plant tissues at almost unchanged concentration
levels over time, underlining negligible metabolism of PBDEs in plants [6]. In
summary, PBDEs might be transformed in plants by debromination, hydroxylation
and methoxylation reactions, but transformation behavior strongly depends on the
plant species and the established microbial consortium in the rhizosphere [48].

5. Soil-root transport: RCF and TF value
5.1 RCF value of PBDEs

As aresult of high bromination, high molecular weight, low mobility and high
lipophilicity, BDE-209 as the dominant PBDE in soil is only marginally avail-
able for plants at levels of 0.3-0.5% of the initial concentration [36]. Despite the
apparently low relevance, the soil — soil moisture — root uptake pathway is still of
high relevance as tests with living and non-living roots of different plants showed
3.5-6 times higher BDE-209 levels in the living tissues [49]. Additional analysis of
small-scale soil-based BDE gradients within the root plexus underlined the assump-
tion of active BDE-209 uptake by plants [9] and was clearly proved by greenhouse
experiments cultivating six different plant species in contaminated and non-
contaminated soil in parallel [50]. In comparison to BDE-209 levels in contaminated
soil, BDE-209 levels reached 5.2-10.4 ng g DM and, therefore, less than 5%, i.e.
more than 95% of BDE-209 contamination in plants could be attributed to root
uptake and intrinsic plant transport. Both processes are coupled to plant transpira-
tion elevating PBDE levels in shoots and leaves at dry weather conditions [51].

To increase comparability of PBDE uptake and intrinsic transport, both the root
concentration factor (RCF) and the translocation factor (TF) were introduced in
literature and correlated to the log Kow value of PBDEs [9]. Both parameters can
be correlated in a clearly negative way, i.e. higher RCF values were detected in case
of lower brominated PBDEs and, therefore, compounds with lower log Kow values
than in case of higher log Kow values [9]. In detail, plant specific RCFs of BDE-209
were up to ten times lower than the RCFs of BDE-28 [7, 9, 19]. This observation may
be explained both by the lack of water solubility and thereby restricted root uptake
with the soil moisture phase, and the strong adsorptive behavior of higher bromi-
nated PBDEs in soil. Hence, with exception of some plants like radish, green squash,
and soft-stem bulrush, which are well adapted for phytoremediation processes,
RCFs are clearly less than 1 for all PBDE congeners [52]. However, PBDE uptake is
significantly affected by the presence of organic solubilizers in the soil like extracts
of wheat straw or pig manure, where BDE-47 uptake by wheat as an example was
elevated by a factor of 3.1 (wheat manure) and 1.9 (pig maure), respectively [53].
Hence, PBDE uptake increases with increasing surfactant activity, whereas decreases
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at weak surfactant activity and thereby increase of the organic content in soil [54].
Furthermore, PBDE uptake and RCFs as consequence are strongly affected by plant
species specifics, physical and chemical soil properties, initial concentration levels of
PBDEgs, relevance of both gaseous and particulate atmospheric uptake, duration of
the growth period, and organic soil content. Details will be described in Section 6.

In contrast, a positive correlation of both RCF and TF value was observed for
maize in case of BDE-15, BDE-28, and BDE-47, which can be explained by an
increased transpiration of the plants as these low-brominated congeners reveal
higher water solubility [51].

5.2 TF value of PBDEs

The ratio of PBDE levels in shoots to the levels in roots is defined as translocation
factor (TF). In contrast to the RCF, a general statement about the correlation of log
Kow and TF is not appropriate, since no clear positive or negative correlation occurs
as the TF value depends on numerous parameters like plant species specifics, initial
PBDE levels in soil, the lipid content of the shoots, plant age, distance of the plant
issue from the root plexus, and the hardly quantifiable effect of the soil-air-plant
exposure pathway. In principle, a negative correlation may be assumed as lower
log Kow values correlate with higher water solubility and, hence, higher intrinsic
transport. As PBDE accumulate in the root area, stem and shoots show significantly
lower contamination levels and relevance of atmospheric PBDE uptake significantly
increases [51]. Nevertheless, the bioaccumulation and translocation behavior of
PBDE in plants is not conclusively clarified and depends on numerous, partially
insufficiently determined parameters.

6. Factors of PBDE plant uptake

Numerous studies focused on both physico-chemical and substance specific
properties affecting plant uptake and biodegradation behavior of PBDE, where PBDE
specifics (vapor pressure, Kow value, air-water distribution Kaw value, air-plant
distribution Kp value), environmental parameters (temperature, wind rate, precipi-
tation, temporal rain distribution, kinetics of both gaseous and particle-bound depo-
sition), plant properties (species, lipid content, foliage morphology, ratio of non-lipid
plant parts, rind thickness, contents of both sugar and fibers), as well as the presence
of an microbial active rhizosphere were generally found to be highly germane. For
bioavailability and thus biodegradability of PBDEs pH value and soil composition are
of particular importance [18, 22, 23]. In detail, relevant parameters are:

6.1 Excretion of plant solubilizers

Easy metabolizable intermediates as amino acids, organic acids, sugars and
exozenzymes are excreted by plants as detoxification strategy to improve microbial
bioavailability and biodegradability of PBDE in the rhizosphere [33]. For example,
hexose was excreted by Kandelia obovate to enhance microbial debromination of
BDE-99 to Br,-BDEs and Br;-BDEs in soil [55].

6.2 Plant specifics
Plant specifics like plant morphology, wax layers of bay leaves and the lipid

content of both leaf and roots strongly affect both atmospheric and soil-based
uptake of PBDEs. Hence, accumulation of Br;-BDEs to Bryo-BDEs in the wax layer
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of wheat was determined as 29-93% of the total plant uptake [25], while BDE-209
accumulation in six different plant species at initial soil levels of 4700 ng g DM ™
ranged 1822-10,933 ng plant ™ with alfalfa showing lowest and maize showing
highest levels [56].

6.3 Rhizosphere and mycorrhiza

The release of plant eluates into the mycorrhizal is part of the symbiosis
between the plant and the mycorrhizal fungi promoting the plant’s uptake of
nutrients and the growth of microorganisms in the mycorrhizal area. Its secondary
effect of enhanced microbial biodegradation and detoxification of PBDEs in the
mycorrhizal area was shown several times in literature. As an example, increased
depletion of 470 ng g DM towards 2250 ng g DM was observed for BDE-209
comparing rice plants with and without mycorrhizal fungi [57].

6.4 Specific root and leaf surface

A correlation between accumulation of PBDEs and high specific plant surface
was clearly shown for BDE-209 in roots of radish, lettuce and taro [58, 59] and for
Br,-BDE to Bryo-BDE in both pine needles and eucalyptus leaves [60].

6.5 Lipid content

The lipid content of a plant, especially of the roots, shows strong effects on
PBDE uptake and was successfully evaluated for various mosses, lichens, ryegrass,
alfalfa, maize, radish, squash, and pumpkin. A positive correlation between lipid
content and PBDE uptake (RCF), as well as a negative correlation in lipid content
and intrinsic PBDE mobility (TF) was observed [19, 22, 61, 62].

6.6 Organic content of the soil

Similar to the lipid content an increase in organic content of soil evokes
higher PBDE accumulation in the soil and, therefore, reduced PBDE plant uptake
[20, 33, 63]. Exemplarily, PBDE uptake in carrots was reduced by 31.5-69.8% and
soil-based biodegradation increased by 8.6-28.5% by addition of 1-4 w% of swine
manure to the soil fraction [63]. Differentiation between TOC and DOC showed a
clear improvement in adsorption of PBDE in the soil matrix at higher TOC levels,
whereas no effect was observed in case of increased DOC levels [54].

6.7 Biochar

Since biochar is insoluble and thus is considered as a TOC increase of the soil,
elevated accumulation of PBDE in the soil phase may occur [64].

6.8 Sewage sludge

As sewage sludge reveals a high TOC content, but also enhanced contamination
levels with PBDE or their detoxification and degradation products, sewage sludge
is a dominant PBDE exposure pathway. Hence, using contaminated sludges as
agricultural fertilizers, increasing concentration levels and accumulation of PBDE
in the soil phase and, finally, elevated PBDE plant uptake are observed. However,
relevance of this effect strongly depends on the original PBDE contamination
levels of the sludge. An overview of PBDE levels in different sewage sludges was
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previously presented [52]. Similar to both lipid content and TOC content, a negative
correlation between BDE-209 uptake and organic content, implemented by sewage
sludge out, was observed [37].

6.9 Compost and digestate

In difference to sewage sludge, the PBDE load of compost and digestates is
rather low as confirmed by various studies due to the low contamination levels
of the plant educts (leaves, green waste, fruit and food residues). For instance, a
broadly based study of biocompost, green waste compost and digestates in Baden-
Wuerttemberg showed comparable median concentrations of 13 ng g DM, 5.4 ng g
DM, and 13.7 ng g DM and confirmed to low relevance of these materials as
PBDE emissions sources [65].

6.10 Soil humidity

As a result of the low water solubility of PBDE, high soil moisture effectively
prevents evaporation of BDEs as well as plant uptake [64]. Correspondingly, a
longer PBDE load may be expected at wet locations.

6.11 Plastic particles

Plastics may reveal partition coefficients of PBDEs of several orders of magnitude
higher than those towards sewage sludge or soil at levels of 0.04-1.6 w% [66, 67].
In detail, accumulation of PBDEs in low density polyethylene films (LDPE), an
adequate and commonly accepted model for diffusive transport phenomena across
biomembranes, showed accumulation factors against the aqueous phase (Kpgw) of
10°-10 in case of 23 BDE congeners covering the total spectrum of bromination
[68]. Furthermore, a curvilinear correlation between the log Kpgw and log Kow
factor, very similar to the correlation of BCF and log Kow shown in Figure 1 was
observed and explained by energy barriers for diffusive transport into the LDPE
structure [68]. The statement of rising Kpgw levels at higher lipophilicity of BDE
congeners was further confirmed [67]. However, Kpgy levels are strongly affected
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Correlation of log Kow and log BCF of 25 BDEs of high environmental relevance (-3, —7, —17, —28, —30, —47,

—49, —66, =85, —99, —100, —123, —153, —154, —155, —183, —184, —191, —197, —201, —202, —206, —207, —208,
—209) applying simple mathematical models with/without correction.
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by the type of plastic and the temperature level during test conditions as adsorp-
tion is an endothermic process. While enhanced accumulation of BDE congeners
was observed for polyethylene, polypropylene, polystyrene, and polyamide, low
accumulation levels were observed for polyvinylchloride [66-68]. Hence, the
hypothetical potential of injection of plastic particles into the soil as sink for PBDE
and thereby soil remediation was positively investigated.

6.12 Other additives

Additional additives like graphene, TiO,, Al,0s, Ag, and carbon nanotubes were
considered as relevant for BDE-209 uptake in spinach, pumpkin, cucumber, corn
and water spinach [36]. Indeed, an increased plant uptake was observed for all of
these additives. Combinations of clay minerals like bentonite and oxidizing agents
like sodium persulfate have also been positively tested for increased bioavailability
of Br3-Br10 - BDEs [69] .

6.13 Solubilizers

The addition of surfactant-active additives elevates both mobility of PBDE in the
soil matrix and plant uptake as previously described.

6.14 Macro- and trace elements

Apart from undisputed relevance of macro- and trace elements both in the
development of the microflora in the rhizosphere and in plant growth, positive
effects on the degradation of BDEs were observed in individual cases. Exemplarily,
nitrate as additive caused intensified desorption and biodegradation of BDE-99, but
might cause inhibition in case of high levels [70, 71].

6.15 Heavy metals

Presence of elevated concentrations of heavy metals shows ambivalent effects.
Metals like Ni or Fe cause an enhanced uptake of PBDE, which was justified by
chemical debromination of BDE-209 and enhanced mobilization, uptake and trans-
port of Brg- to Bryp-BDEs in the roots and shoots of the plants [64]. Enhanced plant
uptake of low brominated BDEs like BDE-47 was also observed (24.76% vs. < 1.5%)
[72]. In contrast, reduced BDE-209 uptake of up to 50% by pumpkins was reported
after addition of 300 mg Cu kg DM and microbial mineralization was negatively
affected at more elevated levels [70, 73]. Similar effects were shown for lead, where
BDE-209 uptake was reduced by a factor of 2.9-3.7 by tall fescue at levels up to
1950 mg Pb kg DM [74]. Heavy metal induced effects on PBDE plant uptake are
also plant specifics as shown for cadmium, where levels of up to 14,800 ng g DM-1
had no effect on BDE-209 uptake in case of black nightshade, but lifting effects in
case of amaranth [75, 76].

In summary, presence of essential heavy metals like iron or copper at adequate
concentrations might have a positive effect on PBDE degradation, while non-
essential heavy metals at non-toxic levels reveal no effect.

7. Predictive mathematical models

Due to the broad spectrum of food plants, attempts were made to develop
simple but sensitive models to predict PBDE plant uptake based on simple chemical
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conditions and input variables as distribution equilibria, lipid content, organic
matter, and initial PBDE soil-water concentration to achieve predictive statements
about RCF, SCF (shoot concentration factor) or TF.

While these models provide comparatively good correlations for the RCF, they
commonly fail in prediction of the TF, because this value is strongly influenced by
intrinsic and atmospheric transport of BDEs in addition to the plant specific uptake
of PBDE in the root plexus. Therefore, deviations in the range of two decades can
be observed comparing model and real situation [77, 78]. Even after restriction of
models to single pollutant situations instead of congener mixtures with variable
concentration levels, and after focusing on single and simplified plants like lettuce,
where differentiations between shoot and fruit or over the height of the shoot are
not applicable, deviations of 25.3-58.2% of the model compared to real situation
were reported for the insecticide chlorpyrifor [79].

Another highly relevant error is caused by incorrect analysis of intrinsic PBDE
levels in roots in contrast to adsorptive fractions at the outer root surface affect-
ing quality of environmental data. Hence, Briggs et al. [80] showed a significant
decrease in BCF levels and thus RCF values of PBDE starting at a log Kow value of
approx. 6.5 (corresponds to a log BCF value of approx. 4.6) after elimination of
externally adsorbed congeners (see Figure 1). This chart corresponds to Bintein’s
bilinear model [81], which was confirmed by Meylan et al. [82] for 610 non-ionic
pollutants. This negative correlation at high log Kow values and thus high lipophilic-
ity bases on three restrictions of lipophilic compounds as follows:

* Equilibrium kinetics: The higher the lipophilicity of a pollutant, the longer it
takes to achieve equilibrium state between two phases or compartments. The
life span of annual crops might be too short to establish equilibria between soil
and root or root and shoot [83].

* Solubility: Water solubility decreases with increasing lipophilicity and
strongly lipophilic substances are primarily adsorb onto particles or surfaces.
However, for absorptive root uptake of pollutants, a phase transition from
soil to the liquid phase as well as from the liquid phase to the intrinsic root is
required without adsorptive elimination at the tissue [80, 83]

* Membrane permeability and cellular transport mechanisms: The mem-
brane-based cellular uptake of pollutants takes place by passive permeation
[80]. The membrane permeability and thus bioavailability of contaminants
is concisely described by Lipinski’s ‘Law of 5, stating out low absorption or
membrane permeability at log Kow values higher than 5, molecular weight
higher than 500, more than 5 hydrogen bond donors and more than 10 (= 2 - 5)
hydrogen bond acceptors. The former two requirements are fulfilled even in
case of Bry- to Brs — BDEs. By means of known transport mechanisms into
the cell, PBDE plant uptake may be affected by co-transport phenomena of
biomolecules like amino acids.

8. RCF and TF values of specific crops

Following the extensive literature evaluation by Dobslaw et al. [52] twelve
crops with the highest documented data density were selected and the occurring
RCF and TF values for BDE-47 and BDE-209 were compared. The highest data
density regarding the transition of PBDEs from soil to root or from root to plant
was available for BDE-209 followed by BDE-47. In contrast to lower brominated
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BDEs the concentrations of BDE-209 found in literature range over several decades,
which facilitates an evaluation of the literature data concerning transition rates. In
particular, the following species were selected: Rice (Oryza sativa L.), maize (Zea
mays L.), prince’s-feather (Amaranthus hypochondriacus L.), the group of bok choy,
Chinese cabbage, broccoli, and filder cabbage (Brassica sp.), lettuce (Lactuca sativa
sp.), spinach (Spinacia oleracea L.), sweet potato vine (Ipomoea batatas L.), radish
(Raphanus sativus L.), carrot (Daucus carota L.), taro root (Colocasia esculenta L.
Schott), pea (Pisum sativum L.), and pumpkin (Cucurbita pepo ssp. pepo).

Figure 2 shows the concentrations of BDE-209 in the roots of these crops asa
function of the corresponding soil concentrations (RCF), indicating the depen-
dency of BDE-209 uptake on the soil concentration with a ratio of about 1:10
(Croot:Csoi1) . Comparing shoots and corresponding soil a similar dependency on soil
concentration with a ratio of about 1:18 (cyoot:Csoil) Was found (Figure 3). This rep-
resentation was chosen because of the higher data density being available. However,
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Figure 2.
BDE-209 — Root concentration factor (RCF), concentration in root as function of corresponding soil
concentration.
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Figure 3.
BDE-209 — Concentration in shoot as function of corresponding soil concentration.
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Figure 4.
BDE-209 — Translocation factor (TF), concentration in shoot as function of corresponding root concentration.

aTF could be derived from the comparison of the existing data pairs, which points
to the dependence of the shoot concentrations on the concentrations in the root
(Figure 4) with a ratio of about 1:9 (Cghoot:Croot) -

The extent of transition of the tetrabrominated BDE-47 from soil to root and
shoot was also determined by the concentration of the flame retardant in the soil
(Figures 5 and 6). For BDE-47, despite its lower logKow in comparison to BDE-209,
the transition rates are higher with about 1.1:1 (Cyo0t:Csoit) and 1:6 (Cshoot:Csoit) - To0 few
corresponding data pairs were available for the representation of the
TF. A graphical summary of the results for the congeners 47 and 209 is given in
Figure 7. The results are consistent with the prediction models described in Section
7 (see also Figure 1). Due to its high log Kow, BDE-209 is expected to have a lower
uptake compared to BDE-47. With the models mentioned above, it is possible to
adequately describe the uptake behavior of lipophilic PBDEs. Of particular inter-
est is the trend that the uptake of the substances is primarily determined by the
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concentration of the compounds in soil. A dependency of the uptake on the crop
species might have been expected, but cannot be proven by the present data set.

9. Conclusion

PBDEs were widely used as flame retardants. Due to their effects as endocrine
disruptors, neurotoxins, and on reproductive capacity as well, knowledge of ter-
restrial accumulation behavior and, in particular, their uptake by plants for food
production is highly relevant. Uptake can occur viasoil-air-plant pathway as well as
soil-soil water-root-plant pathway. Transport and plant uptake behavior strongly
depend on physical and chemical properties of the BDEs, environmental factors,
large-scale atmospheric transport processes, plant properties as well as terrestrial
rhizospheres. During both atmospheric and terrestrial transport PBDEs are subject
to UV-induced (atmospheric) or microbial induced (terrestrial) transformation
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and degradation processes like debromination, hydroxylation, methoxylation and
ring closure to dibenzofurans. As PBDEs reveal high lipophilicity they tend to
adsorption on lipophilic soil matrices and thereby show low uptake via soil-soil
water-root-plant pathway and subsequent intrinsic transport. Hence, uptake and
intrinsic transport are only expected for low brominated BDEs. Therefore, declin-
ing concentrations of PBDEs could be detected from soil via roots to shoots and
final fruits, i.e. RCF and TF show negative correlation with their log Kow values.
Consistent with this statement, 84% of the human PBDE intake are attributed to
respiration and inhalation of dust, while only 16% were correlated with dietary
uptake. The actual exposure of vegetarian foods to PBDEs depends on the follow-
ing parameters:

* Both microbial degradation and plant uptake of PBDE are elevated by release
of easily biodegradable plant extracts like amino acids, organic acids, sugars
and exoenzymes as commonly observed in symbiosis with rhizobia.

* The presence of rhizobia enhances microbial degradation and plant uptake of
PBDE.

* Both atmospheric and terrestrial PBDE uptakes are strongly affected by the
morphology of the plant (specific surface of leaves and roots) and the increas-
ing lipid content of plant tissues accelerating PBDE uptake.

* PBDE immobilization and accumulation in soil is promoted by increasing TOC
levels caused by implementation of compost, sewage sludge, digestates, or
biochar.

* In contrast, increasing levels of DOC show no effect on plant uptake of PBDEs
as long as there is no solubilizing effect by surfactants.

* As sewage sludge shows PBDE contamination up to 2.5 w%, it is an important
emission source of PBDEs affecting soil contamination. In contrast, PBDE
loads of compost and digestates are very low and commonly pollution effects
are negligible.

* A decrease in evaporation losses and an enhanced immobilization tendency of
PBDE can be observed in case of raising soil moisture.

* Solubilizers, ionic additives and nanoscale organic substances act as mobilizing
agents increasing mobilization and plant uptake of PBDEs.

* Macroelements as nitrate favor terrestrial PBDE degradation through its func-
tion as alternative electron acceptor. Hence, plant’s load is reduced.

* The presence of trace elements supports microbial transformation of PBDE
in soil and therefore causes lower contamination of plants. In contrast, heavy
metals seem to enforce PBDE uptake by plants by inhibition of terrestrial
biodegradation processes.

* Current mathematical models allow high quality in prediction of the RCF
value with a minimum of input parameters. In opposite, the prediction of SCF
and TF values is not suitable due to the insufficient coverage of plant-specific
parameters.
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* According to Lipinski’s ‘Law of 5’ Bry- and Brs-BDE congeners reveal the highest
RCF levels. Higher polarity is required to gain high TF factors. Within the same
isomers, even small differences in lipophilicity significantly change these values.

* Available PBDE data only show a linear correlation between soil concentration
and plant uptake. Plant specific uptake effects cannot be observed.

10. Outlook

The poor biodegradability of PBDEs means that both the accumulation of
PBDE:s in the food chain and inhalation exposure will continue to be highly relevant
issues in the next few decades. Problems comparable to those described for PBDEs
are also expected for alternative brominated flame retardants such as hexabromo-
benzene, pentabromotoluene, 1,2-bis-(2,4,6-tribromophenoxy)ethane, or decabro-
modiphenylethane due to the likewise high degree of bromination, high persistence
and thus a high bioaccumulation potential [20, 84]. A ubiquitous presence of these
compounds was already proven [19].

Especially remarkable is the partial lack of metadata in existing publications,
which makes an comprehensive evaluation, as it was tried in this publication, diffi-
cult. This concerns, for example, more detailed information about the soil composi-
tion, the content of organic carbon, lipid, and water of roots and shoots. Thinning of
data, such as the aggregation of single congener data to sums (e.g. )',PBDE) without
further information about the composition makes a valuable data set useless.
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Flame Retardant Treatments of
Nylon Textiles: A Shift towards
Eco-Friendly Approaches
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Abstract

Among the synthetic polymeric textiles, Nylon (Polyamide) textiles (Nylon66/
Nylon 6) are one of the most widely used materials, especially as apparel and
industrial uses for their excellent properties, namely higher strength and good wear
resistance. Unfortunately, due to their organic structures, they show the relative
ease of burning, which poses a great risk to fire. For the flame retardant (FR) treat-
ment of nylon textiles, several strategies have been developed throughout the years
and the earlier studies show the enormous uses of petroleum-based flame retardant
compounds via energy intensive application methods. However, the rapid improve-
ment in living standards as well as the recent call for a reduction of environmental
impacts during manufacturing and use have been pushed researchers to come up
with environmentally benign chemistries and processes. Therefore, the challenges
in search of the most sustainable, efficient and durable flame retardant treatments
for nylon textiles still remain as a hot topic to be addressed. This chapter discusses
the eco-friendly approaches that have been taken in escalating the fire performance
of these novel nylon textiles, especially focusing on the applied compounds and the
application techniques along with the durability issues of such applications.

Keywords: nylon textiles, flame retardancy, bio-based flame retardant, hybrid
application, eco-friendliness

1. Introduction

The consequences of fire related incidents leave a serious impact on human life
and its property as well. Frequently, these fires are ignited from the polymeric materi-
als, including textiles we use in our daily life as in consumer goods, home furnishings,
transportation, apparel and protective clothing, etc. The world fire statistics reveal
that the textiles and upholstered furniture are the first item to be ignited by small
flames such as cigarettes and candles, thus producing the most common fire [1, 2].
Meanwhile, the textile materials release smoke and toxic gases while going through
the combustion process, which in turn limit the evacuation in fire disasters and
worsen the fire scenario [3, 4]. In addition, these fires cause huge economical losses
as well as deaths of human beings [5, 6]. Thus, the researcher is making continual
efforts to investigate the flammability of textiles in order to improve their fire perfor-
mance. On the other hand, the growing concern over the sustainability issues infer
that fire retardants should leave a low impact on health and the environment during
the entire life cycle including recycling and disposal. It also demands to come up
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with significant researches with a focus on alternate flame retardant chemistries and
methodologies, including the use of more environmentally benign raw materials and
eco-friendly approaches in the synthesis and application of new flame retardants.
Nylon is the oldest man-made fiber (MMF) among the synthetic textiles, which
remains as an important fiber in the synthetic fiber community till the date. Initially
Nylon, also in the name of polyamide, is developed for a limited number of end
uses; however, these days, the fibers belonging to the nylon/polyamide group share
a big market, from regular apparels to technical textiles. For example, carpetisa
significant application for nylon and accounts for 17.5 percent of total usage glob-
ally. Other applications of nylon include airbag, heavy-duty tires, intimate apparel,
military apparel, sheer hosiery and swimwear, etc. [7]. Among, different types of
polyamides, polyamide 66 (Nylon 66) and polyamide 6 (Nylon 6) represents one of
the most used technical fibers. Both of them possess almost similar physical prop-
erties, namely high mechanical properties (tensile strength is higher than that of
wool, silk, rayon or cotton), high chemical stability, high melting point, resistance
to shrinkage and abrasion [8]. However, like other common textiles these fibers
are also flammable due to their organic structure; alongside they also show serious
dripping. Thus, the nylon textiles cannot meet industrial and civil requirements in
many cases, which ultimately limit their uses in the mentioned sectors [9-11].

2. General combustion behaviors of textiles and strategies of flame
retardant mechanism

In general, combustion of a typical polymer substrate happens in contact of a
fire source and in the presence of air or oxygen. Prior to the combustion process, the
textile materials degrade thermally, while some of the degraded species turn into
combustible volatiles and serially, in the presence of oxygen, they kindle the flame.
In a logical way, while the heat generation exceeds the threshold to sustain the
combustion process, the excessive heat transmitted to the textile material, usually
accelerates the degradation process and form a self-sustaining combustion cycle as
presented in Figure 1 [7]. In line, we also need to study the mechanism of action of
various flame retardants on textiles to evaluate a particular flame-retardant system

Fuel: Air/Oxygen
]

o Gas Phase
-0
Volatiles ﬂ

products \ |:>M4
products - - a Products
0% 00° (CO, CO Free radicals...)

Ignition
source Heat
%%
Sy g
Textiles E—) Condensed Phase
Figure 1.

Combustion cycle of a typical textile material. [7], Copyright 2020. Reproduced with permission from
Elsevier ltd.
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to a specific polymer. In general, the common flame retardant mechanism can be
divided into two different modes of action likely (1) gas or vapor phase mechanism
and (2) solid or condensed phase mechanism that break the polymer combustion
cycle (see Figure 1). The gas phase flame retardant mechanism normally does not
change the thermal decomposition of a polymeric substrate, whereas the flame-
retardant compound goes for decomposition in the presence of heat and gener-
ates free radicals. These free radicals either combine with atmospheric oxygen/
air through complex reactions or capture the radicals released from the polymer
substrate to quench the total combustion process [12]. Meanwhile, in the condensed
phase mechanism, combustion process brings structural changes in the polymer
substrate via promoting polymer cross-linking to form a carbonaceous char onto the
material surfaces. In line, these char residues make insulation between the polymer
substrate and the flaming zone to curb the creation of new fuel and stop further
burning. Another form of the condensed phase mechanism involves an additive,
creating a physical barrier via releasing water during heating, which ultimately
cools down the surface and slows the heat and mass transfer [13].

Briefly, a typical flame retardant (FR) compound inhibits the flammability
of a polymeric/textile material in several ways mentioned as follows [14]: (i) FR
compound can minimize the generation of heat to retard the combustion process,
(ii) it can alter the pyrolysis pathway via lowering the generation of flammable
volatiles while favoring the char formation to limit the heat and mass transfer via
creating an insulation layer between the textile material and the fire source, (iii) in
some extent, it can release water vapor as a byproduct to dilute the concentration of
available oxygen and flammable volatiles to lower the heat flow back to the textile
material, and (iv) it can release flame inhibitors in the gas phase (i.e., chlorinated,
brominated and phosphorus species) to quench the intensity of combustion via
capturing flammable radicals.

3. Combustion and thermal behaviors of nylon textiles

To come up with a suitable flame retardant approach along with an applicable
flame-retarding agent for nylon textiles, it is thus needed to understand their ther-
mal and flammability behaviors. In general, the polymeric materials release gases
like CO, NO, and HCN, etc. when they are burned [15] and it is also observed that
the evolution of CO differs from fiber to fiber. Meanwhile, polyamide fibers show
self-extinguishing behavior due to its extensive shrinkage and dripping in combustion
[16]. During burning, polyamide ignites with molten droplets and drip away from the
flame; most of the heat is carried away with the droplet, making the material self-
extinguishing. However, if the molten droplets burn continuously, this will encour-
age a greater fire hazard and pose a secondary fire risk. In inert atmosphere and at
a higher temperature range (i.e., above 300°C), the main decomposition products
released by polyamides are about 95% non-volatiles and the remaining volatile
compounds mainly consist of CO,, CO, water, ethanol, benzene, cyclopentanone,
ammonia, others aliphatic and aromatic hydrocarbons, etc. [17, 18]. However, in air
atmosphere and at temperatures below 200°C, the degradation pattern of polyamide
is different [17] where the volatile products to be likely water 52%, CO, 33%, CO 12%,
and methanol, formaldehyde and acetaldehyde are around 1% each. Moreover, the
pyrolysis process also causes de-polymerization of its structure [19]. The suggested
oxidative decomposition mechanism of polyamide structure is given in Figure 2 [20].

From Figure 2, it is assumed that like the oxidative degradation of hydrocar-
bons, the oxygen molecule initiates the chain process of oxidation of polyamides
(Eq.1). At first, hydrogen atom will be abstracted and subsequently, either
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Possible oxidative decomposition mechanism for polyamides [20].

peroxide radical or a hydroperoxide will be formed (Eq. 2 and 3). Later, with the
decomposition of hydroperoxide, water will be formed (Eq. 4). The formation of
water can lead to the hydrolysis of the polymer and thus, on decarboxylation, CO,
will be produced. Apart from the decomposition of peroxide, the peroxide radicals
may also break down in the degradation process. These radicals may also go through
isomerization via making reaction with the free valence of the adjacent C-C bond.
Ultimately, this kind of isomerization as well as the breakdown of peroxide radicals
causes the collapse of molecular chains to form a molecule with a terminal aldehyde
group (a) and aradical (b) (Eq.5). Afterwards, these aldehyde groups go for fur-
ther decomposition to the form CO (Eq. 6), while the radicals (b) cause the rupture
of the C-C bond to form a secondary C-O bond and thus, in turn direct the creation
of formaldehyde (Eq.7).

4. Flame retardant treatment of nylon textiles

Formerly, numerous approaches are considered to make the nylon textiles flame
retardant, especially at a fiber stage. Of them, strategies like application of fire
retardant additives and co-monomers during polymerization and in the spin-
ning dope, development of inherently fire retardant fibers and fiber blending are
notable [21]. However, due to the possibility of polymer degradation and leaching
of flame retardant compounds at a fiber stage finishing, a kind of topical finishing
or post-treatments are commonly proposed for conferring the flame retardancy of
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nylon textiles in the recent time [22]. Meanwhile, the earlier applications, mostly
receive the attention of halogenated species [23, 24] and petro-based flame retar-
dant compounds containing phosphorus, nitrogen [25, 26] and sulfur elements
where the uses of bio-derived flame retardants are rarely seen.

Though the nylon textiles (nylon 66/nylon 6) possess almost similar chemical,
physical, thermal and fire behaviors, they belong to a different chemical structure.
Thus, they have different surface functional groups and a varied level of crystallin-
ity, which ultimately affects the processing of these textiles during finishing. As we
know that nylon 66 is made from two monomers namely, hexamethylenediamine
and adipic acid; each containing 6 carbon atoms and carries amino and carboxylic
acid as functional groups. While, nylon 6 is synthesized from a single monomer
namely caprolactam (also called e-caprolactam) having 6 carbons via ring-opening
polymerization and only carries amino functional groups.

In the following section, the very common flame retardant finishes applied to
nylon 66/nylon 6 textiles both at the fiber and fabric stage are discussed.

4.1 Flame retardant (FR) treatment of nylon 66 (polyamide 66) textiles
4.1.1 ER treatment at fiber stage

The fiber stage flame retardant finishing of Nylon 66 textiles is usually done using
polymerization, electrospinning, mixing or blending techniques. In some applica-
tions, halogen free flame retardant compounds, namely a mixture; comprising of
phosphorus and boron esters via ionic introduction [27] and melamine cyanurate
(MCA) via in situ polymerization [28] are considered. While, a kind of condensa-
tion polymerization using nylon salt and 9,10-dihydro-9,10-oxa-10-phosphaphen-
anthrene-10-oxide (DOPO)-based flame retardant working in gas phase is also
exploited [29] to prepare the flame retardant nylon 66 fibers. Recently, a hybridized
flame retardant compound [30], namely a kind of encapsulated nanoscale graphene
with red phosphorus is used to prepare core-shell structured polyamide 66 nanofiber
via a coaxial electrospinning method. However, till the date, the application of fully
green compounds as a flame retardant is still absent in preparing the flame retardant
nylon 66 fibers. The main results of these applications are presented in Table 1.

4.1.2 ER treatment at fabric stage

The flame retardant treatment of nylon 66 textiles at the fabric stage is usually
done in the form of surface coatings via numerous techniques, namely pad-dry-cure,
UV grafting, plasma deposition, layer-by-layer assembly and sol-gel process [31-34].
In earlier applications, petro-based compounds are widely used, however, with the
growing concern of adverse impacts posed by petro-based flame retardants, research-
ers are paying attention on the green flame retardants and in some extent, semi-green
application approaches are also seen in the recent time.

4.1.2.1 Application of fully bio-based flame-vetardants

The flame retardant treatment of nylon textiles using fully bio-based com-
pounds are yet to be in extensive uses as a very few work focuses on it. For example,
Kundu et al. [35] consider all green compounds, namely bio-derived chitosan
(CS), phytic acid (PA) and oxidized sodium alginate (OSA) for the first time ever
to improve the flame retardancy of nylon 66 textiles. These coatings with a 10
to 15 quadra-layer (QL; deposition of consecutive four layers constructs a single
quadra-layer) (see Figure 3) depositions stop the melt dripping of fabric materials.
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Substrate FR Application Main results Eco-
compounds technique friendliness
Nylon 66 fiber [27] Phosphorus Open air grafting Improved charring No
and boron (cold)/ultraviolet by about 25.67%
esters irradiation
grafting (hot)
and hot vacuum
oven grafting
Nylon 66 fiber [28] Melamine In-situ LOTI upto 31.5% and No
cyanurate polymerization UL94 V-0 rating in
(MCA) VBT
Nylon 66 fiber [29] DOPO-based Condensation LOI upto 32.9% and No
flame retardant polymerization UL94 V-0 rating in
VBT
Nylon 66 fiber [30] Graphene and Encapsulation THR and pHRR No
red-Phosphorus reduction by about
50.5 and 26.9%
respectively
Table 1.

Collected vesults of flame retavdant treatment for nylon 66 fiber.

Figure 3.
Schematic vepresentation of Quadra-layer (QL) deposition.

Here, the use of these green polyelectrolytes plays a multiple role as an acid source,
a carbon source and a foaming agent and thus, their interactions facilitate the
intumescent process in a condensed phase mechanism to control the flame spread
process. More importantly, it is found that the use of OSA improves the durability
of this multilayered nanocoating via offering covalent interactions. This is the first
attempt to use fully renewable and environmentally friendly intumescent LbL coat-
ing in improving the flame retardant properties of a thermoplastic textile like nylon
66. In addition, this is also a very first attempt to improve the durability of LbL
assembled coatings for nylon textiles against home laundering as the coatings devel-
oped via non-covalent forces (i.e., ionic interaction) show poor wash durability. In
line, another environmentally friendly and fully bio-based synthesized compound,
namely tannic acid-terephthalate (TAT) (see Figure 4x) obtained from tannic acid,
is applied onto the nylon 66 fabric surfaces via pad-dry-cure process [36]. This kind
of green coating surely imparts excellent flame retardancy to the textile substrate

in terms of obtaining self-extinguishing behavior and reduced char length in the
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Figure 4.

Proposed reaction scheme of tannic acid and tevephthaloyl chloride (top-x) and vertical flame test samples
after burning, a. neat nylon 66 fabric, b. TA-coated nylon 66 fabric (after washing), c. TAT-coated nylon 66
fabric (after washing) (bottom-y) [36], copyright 2018. Reproduced with permission from Elsevier Itd.

vertical flame test (see Figure 4y). Here, the cross-linked phenol species belonging
to TAT structure helps to build up charring in the solid phase and exhibits a posi-
tive impact in enhancing flame retardancy of nylon substrate. Just a very thin layer
of such coating (i.e., only add-on of 6 wt.%) helps to obtain self-extinguishing
behavior and brings a considerable decrease (i.e., 20-25%) in heat release rate. The
main results of these applications are summarized in Table 2.

4.1.2.2 Application of hybrid flame-vetardants

To address the environmental issues, researchers equally put focus on the
numerous hybrid application techniques, namely they consider the combined use
of both the bio-derived and petro-based compounds, even in some applications,
they opt to blend the mineral with the bio/petro-based compounds in a semi
eco-friendly application. For example, Kundu et al. [37] combine an inorganic
boron compound like sodium tetraborate with the bio-derived compounds like
chitosan (CS) and phytic acid (PA) to simultaneously improve the flame retar-
dant properties of PA66 textiles and to stabilize the ionically assembled coatings
(see Figure 5). Here, the modification of nylon 66 textile with chitosan, phytic
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Substrate FR compounds Application Main results Eco-
technique friendliness
Nylon 66 Chitosan, phytic acid and LbL A maximum of 24% Full
fabric [35] oxidized sodium alginate assembly reduction in pHRR
Nylon 66 Tannic acid terephthalate Pad-dry-cure Improved Full
fabric [36] (TAT) charring and
self-extinguishing
behavior
Table 2.

Collected results of flame retavdant treatment for nylon 66 fabric.
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Figures.

Schematic illustration for the interactions among chitosan, phytic acid, borate compound and PAG66 fabric
during the LbL deposition and after the thermal treatment [37], copyright 2018. Reproduced with permission
from Elsevier BV.

acid and borate compounds boosts up the charring of the same while providing
enhanced stability of char residues. In addition, the borate induced cross-linking
offers added stability of as-prepared coating in detergent solution.

Presently, this hybrid methodology has been expanded further in several works
where Kundu et al. [38] come up with the hybridization of some alkoxy silane based
compounds, namely (3-Aminopropyl) triethoxysilane (APTES) and boron doped
APTES sol solutions with some bio-originated compounds like chitosan and phytic
acid in the hybrid application (i.e., LbL deposition/sol-gel process). Here, the
simultaneously APTES and B-d-APTES sols treated and LbL deposited fabrics stop
the melt-dripping in the vertical burning test. Meanwhile, the boron doped APTES
sol treated fabrics reveal improved charring and thermal stability in TG analysis.

It is speculated that the phytic acid, being a phosphorus compound, catalyzes the
charring while the silicon and boron compounds endow with excellent shielding to
these char residues. Thus, an added level of char yield% is experienced and finally,
this thermally stable char residues impart enhanced flame retardancy to the nylon
textile. In addition, this kind of hybrid application, namely LbL assembly (i.e., 5
bi-layers deposition) and simultaneous sol-gel treatment offers durability to the
applied finish against home laundering. In another application, Kundu et al. [39]
introduce a hybrid methodology via using a chitosan derivative, namely phosphory-
lated chitosan (PCS) along with an alkoxy-silane like (3-aminopropyl) triethoxysi-
lane (APTES). Here, the PCS is grafted onto the surface of nylon 66 fabrics via
UV-induced grafting polymerization and subsequently, these grafted fabrics are
further modified by APTES through sol-gel process in order to form a cross-linked
coating (see Figure 6). The obtained results indicate that the simultaneous PCS
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Synthetic voute of PCS (a) and schematic illustration of UV grafting and sol-gel treatment of PA66 fabrics
(b) [39], copyright 2017. Reproduced with permission from Elsevier ltd.

grafting and sol-gel treatment stop the melt dripping and improve other flame
retardant parameters. The prominent flame retardant properties for the simulta-
neous PCS and APTES treated PA66 fabrics are due to the joint effect of thermal
shielding exerted by the silica and char-forming effect derived from PCS.

Hybridization in the deposition method, namely synchronization of layer
by layer (LBL) assembly with the pad-dry-cure technique is seen in preparing a
flame retardant hybrid coating for nylon 66 fabric [40]. Here, some bio-derived
compounds like chitosan and phytic acid are combined with melamine and
graphene oxide (GO). This hybrid application significantly improves the flame
retardancy with a considerable improvement in thermal stability and char yield%.
Furthermore, the application of a nanocomposite layer prepared from chitosan/
graphene oxide on top of the LbL assembled film offers covalent cross-linking to the
underneath ionic-assembled coating, which impart considerable durability to the
applied finishing to retain flame retardant performance even after 10 laundering
cycles. In line, graphene oxide (GO) is functionalized with some plant derived bio-
molecules namely, lignin (L) and phytic acid (PA) (see Figure 7) and used accord-
ingly in modifying the fire performance of nylon 66 fabrics in a one pot deposition
[41]. Here, in some formulations, chitosan as a naturally derived charring agent is
also considered to enhance the charrability of such finishing further. The as pre-
pared thin film (i.e., add on is less than 10%) barely alters the physical properties
(i.e., color, handle and tensile strength, etc.) of treated fabrics. Meanwhile, this
kind of application offers better thermal stability and improved fire performance
alongside the wash durability of applied finishes. Here, the inclusion of citric acid
as a cross-linking agent extends some cross-linking interaction among the applied
compounds to retain the flame retardancy even after 5 washing cycles.

Another bio-derived compound, namely soybean protein isolation (SPI) is used
with thiourea via a simple pad-dry process to impart flame retardant properties to
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nylon 66 fabrics [42]. This kind of hybridization in the applied compounds comes

up with reduced burning length and no dripping for the modified textiles. Here, it is
speculated that these hybrid compounds may release non-combustible gases like H,S,
NH; and H,0 in the gas phase and produce compact char residues in the solid phase
during burning. In line, these noncombustible gases dilute the fuel/oxygen concentra-
tion and the obtained char layers provide insulation between the fire zone and textile
substrate to prevent the transfer of heat and oxygen. Therefore, it is perceived that the
N, P, S and metal elements in SPI play a vital role in modifying the fire behaviors of
polymeric substrates and offer better flame retardancy in a sustainable manner.

In some application, pure chitosan (CS) along with its phosphorus-derivative,
namely phosphorylated chitosan (PCS) are used to construct a flame retardant coating
for nylon 66 textiles while poly-acrylate sodium (PAS) is accompanied with them
as a cross-linking agent [43]. The coating is prepared both in LbL assembly and one
pot deposition method to make a comparison between the application method (see
Figure 8). Here, the LbL assembled coatings possess superior homogeneity in the
coating structure over the one pot deposited one. Meanwhile, the LbL assembled coat-
ings with a higher add on% offer an improved LOI value and also bring a considerable
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Schematic vepresentation of the one-pot’, and LbL deposition of PA 66 fabrics (A) and the mechanism of
reactions (B) [43], copyright 2019. Reproduced with permission from Elsevier BV.
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Schematic representation of DOPA application [44], copyright 2020. Reproduced with permission from
Elsevier Itd.

reduction in pHRR for the nylon substrate. In addition, the PAS cross-linking via
thermal treatment stabilizes the deposited coatings to a certain extent; as the fabrics
prepared in this process retain the UL-94-V1 rating after the 5 times washing in laun-
dering. It is also found that the LbL assembly imparts better flame retardancy than the
one-pot deposition technique as a higher weight gain% in LbL deposition offer this
superior flame retardant properties irrespective of deposition techniques.

In another application [44], a petro-based P-compound, namely DOPA, a DOPO
derivative, is combined with the bio-based chitosan (CS) in a semi bio-based flame
retardant application via a simple pad-dry-cure method as shown in Figure 9. Here,
the nylon 66 modified with chitosan and 10 wt. % of DOPA reveals an excellent
flame retardancy in terms of significant reduction in pHRR compared to the nylon
66 modified only with DOPA. It is speculated that the P and N elements available
from DOPA and chitosan respectively appear to be involved synergistically to offer
enhanced flame retardancy. In line, the co-presence of DOPA and CS ensures a syn-
ergistic gas phase and solid phase activity where DOPA exhibits a quenching effect in
the gas phase and chitosan takes part in the charring process in the condensed phase.

Even in some applications, several novel nanoparticles (NPs) namely, TiO,
and SiO, are blended with naturally derived phytic acid (PA) and chitosan (CS)
via a pad-dry-cure technique [45]. The blended formulation of PA-TiO, enhances
the limiting oxygen index (LOI) and increases char yield% of treated textiles.
Conversely, the introduction of chitosan (CS) into the PA-Ti0,/SiO, formulations
brings a significant reduction in the peak heat release rate (pHRR). In addition, the
formulations containing nanoparticles (Ti0,/Si0,) along with phytic acid boost up
the tensile strength of treated textiles. Here, it is realized that the hybrid complexes
of nanoparticles and bio-based compounds can be considered as a big alternative of
the traditional halogen and phosphorus containing synthetic compounds. The main
results of these applications are presented in Table 3.

4.2 Flame retardant (FR) treatment of nylon 6 (polyamide 6) textiles
4.2.1 FR treatment at fiber stage

At the fiber stage finishing, a higher loading of a typical flame retardant is usually
considered in imparting a satisfactory level of flame retardancy, which ultimately
affects the mechanical properties of treated fibers and causes the spinning process
difficult. For example, Coquelle et al. [46] use ammonium sulfamate (AS) as an addi-
tive flame retardant for nylon 6. Here, a loading of 5 wt.% AS in PA6 matrix leaves no
significant changes since the pure PA6 and modified PA6 fiber come up with an almost
similiar fiber diameter (see Figure 10). An investigation based on the loading % of AS
on the physical properties of modified nylon 6 fibers show that the fibers modified
with less than 7 wt. % of AS are quite spinnable without alteration of the mechanical
properties. In contrast, a higher loading (i.e., 10 wt. %) makes the material brittle and
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Substrate FR compounds Application technique Main results Eco-
friendliness
Nylon 66 Chitosan, phytic acid LbL assembly/dipping LOIup Partial
fabric [37] and Na-metaborate t0 21.5%,
reduction by
31% in pHRR
Nylon 66 Chitosan, phytic LbL assembly/sol-gel LOI up to Partial
fabric [38] acid, APTES and process 20.6%, 30%
B-d-APTES reduction in
pHRR
Nylon 66 P-chitosan (PCS) UV-grafting/sol-gel LOI up Partial
fabric [39] and APTES process t0 24.3%,
reduction by
30% in pHRR
Nylon 66 Chitosan, phytic Pad-dry-cure LOI up to 25%, Partial
fabric [40] acid, melamine, urea pHRR reductin
and GO by about 56%
Nylon 66 Lignin, phytic acid, One pot deposition LOI up to 27%, Partial
fabric [41] chitosan and GO reduction in
pHRR by 25%
Nylon 66 Soybean protein Pad-dry-cure LOIup to Partial
fabric [42] isolation (SPI) and 25.5%, no
thiourea dripping
Nylon 66 Chitosan, P-chitosan One pot deposition/LBL LOI up to 23%, Partial
fabric [43] and PAS assembly 25% reduction
in pHRR
Nylon 66 DOPA and chitosan UV grafting/ LOIup Partial
fabric [44] pad-dry-cure t024.5%,
reduction in
pHRR by 40%
Nylon 66 Phytic acid, chitosan, Pad-dry-cure LOI up Partial
fabric [45] TiO, and SiO, to 24.5%,
reduction in
pHRR by 25%
Table 3.

Collected results of flame retardant treatment for nylon 66 fabric.

Figure 10.

Optical microscope photographs of PA6 (a) and PA6/AS 5% (b) fibers [46], copyright 2014. Reproduced with
permission from Elsevier Itd.

thus, it is impossible to spin it into fibers. This phenomenon exhibits the expected
negative impact of higher loading % on the physical properties of synthetic fibers and
thus, it is not beneficial to add the flame retardant compounds in the bulk state via
additive mixing to impart flame retardant finishing at the fiber stage.
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Figure 11.

Selected images of burning PA6 fabrics comprising ALPi and/ov Cloisite 25a 40 s after extinction of igniting
flame (top-x) and burning and extinguishing behavior of ignited PA6/DP/AS/clay-based fabric samples: 10, 15,
20 and 25 s after extinction of the igniting flame (bottom-y) [47], copyright 2016. Reproduced with permission

Sfrom www.mdpi.com/journal/polymers.
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So, alow loading of additive compounds is preferable (i.e., less than or equal
10 wt. %) to retain spinablity of fibers to make the fabric from them and thus, a kind
of trade-off between the loading of FR compounds and mechanical properties of
fibers should be maintained in the fire retardant finishing of nylon 6 fibers. This low
loading approach has been materialized in some application [47] where two different
formulations are considered working in the different flame retardant mechanism (i.e.,
gas/solid). For example, aluminum diethyl phosphinate (AlPi) working primarily in
the gas phase is mixed up with some clay additives like nanoclay, organically modi-
fied montmorillonite clay and Cloisite 25A active in the condensed phase. While,
in another formulation, ammonium sulphamate (AS)/dipentaerythritol (DP) at
2.5/1 wt. % supposed to be active in the condensed phase, are blended with the same
clay-based additives as mentioned earlier. Here, the different formulations come up
with different level of flame retardancy as the AlPi-based formulation is incapable to
impart self-extinguishability, though the clay-based additives can minimize the burn-
ing rate and modify the melt dripping phenomenon. In contrast, the AS/DP-based
formulation at a loading of 5.5 wt. % or less offers better flame retardancy and in addi-
tion, the clay additives helps to rectify the dripping phenomenon remarkably. From
the images of burning fabrics, it is observed that the PA6/AS/DP/clay-containing
fabrics (see Figure 11y) show definite self-extinguishing characteristics unlike the
PA6/AlPi/clay-containing fabric substrates (see Figure 11x) and thus, the PA6/AS/DP/
clay formulation exhibits potential to be considered in the commercial scale.

Another clay based (i.e., MMT) additive approach is considered [48] to prepare
the flame retardant nylon 6 nanocomposite nanofibers. Here, the MMT platelets as
a nano-filler is blended with Exolit OP1312; a phosphorus-based non-halogenated
additive via electrospinning. In this application, a higher loading of filler material (i.e.,
nanoclay particles) also affects the electrospinnability of this nanocomposite like other
ordinary additive compounds. In another application [49], flame retardant PA6 fiber
is developed using a composite formulation, namely via incorporation of melamine
cyanurate (MCA) in nylon 6 matrix through in-situ polymerization process. Here, the
MCA disperses into the nylon 6 matrix in a homogeneous manner without agglomera-
tion as seen in the SEM images (see Figure 12) and thus, the interfacial interaction
with the matrix is amplified in many folds. The as prepared composite fiber with a

100um L 0pum 10pm
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Figure 12.

The scanning electron micrographs of the surface and cross-section of polyamide 6 (PA6) fiber (a), (b), (c) and
melamine cyanurate (MCA)/PA-6-8 fiber (d), (e), (f) [49], copyright 2016. Reproduced with permission from
sagepub.co.uk/journalsPermissions. Nav.
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loading of only 8 wt. % of MCA shows satisfactory flame retardancy. Even, this lower
loading % deteriorates the physical properties of the composite fiber as the tenacity at
break decreases from 4.85 to 3.11 cN.dtex ', but still meet the requirements of fabric
preparation. Moreover, this in-situ polymerization approach opens the way for the
preparation of flame retardant nylon 6 fibers with good spinnability.

Apart from these, a phosphorus-based DOPO derivative, namely 9, 10-dihydro-
10- [2, 3 di (hydroxycarbonyl) propyl]-10-phosphaphenanthrene-10-oxide (DDP),
active in the gas phase, goes through the polycondensation reaction with caprolac-
tam (see Figure 13) to develop intrinsically flame retardant nylon 6 fibers [50]. The
melt-spun fiber prepared with a loading of 5 wt. % DDP attains a V-0 rating and also
obtains a significant increase in LOI value. In addition, this kind of modification does
not alter much the spinnability of such fibers in fabric preparation. Here, DDP acts
both in the solid and gas phase via escalating charring and producing noncombustible
gases respectively to impart fire retardant properties to the modified nylon 6 fibers.

The application of petro-based phosphorus compounds are further extended to
develop flame-retarded nylon 6 fibers [51]. Here, at the first stage, co-condensation
of e-caprolactam is carried out via melt-polymerization process and later, a low
loading of phosphorus-based FR co-monomer is introduced into the polymer chain
with an aim to keep the tensile properties less hampered. Two different phosphorus
compounds, namely 3 hydroxyphenylphosphinylpropanoic acid (3-HPP, 1) and
9,10-dihydro-10- [2,3 di(hydroxycarbonylpropyl]-10-phosphaphenanthrene-10-ox-
ide (DDP, 2) are considered (see Figure 14a) and finally, they are integrated into the
nylon 6 backbones (see Figure 14b). Such treatment eases the processing of flame
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Preparation process of FR-PA6 [50], copyright 2018. Reproduced with permission from the Royal Society of
Chemistry.
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Chemical formulae of 1 and 2 (top-a) and installation options of the flame retardants into the nylon 6
backbone (bottom-b) [51], copyright 2019. Reproduced with permission from Wiley periodicals, Inc.

retardant nylon 6, especially at the fiber stage. In addition, this kind of facile applica-
tion rarely alters the tensile properties of nylon substrate, which usually happens in
the bulk state application of flame retardant compounds. In line, hexaphenoxycyclo-
triphosphazene (HPCP) [52], a petro-based phosphorus compound, is considered to
modify the flame-retardant properties of nylon 6 fibers (see Figure 15a). Here, the
nylon 6 chips are blended with the flame retardant compound (HPCP) and fibers are
prepared via melt spinning process. It is found that a loading up to 15 wt. % of HPCP
does not deteriorate the spinnability of the modified fibers while a slight reduction
of tensile properties is observed. Meanwhile, such modification imparts added flame
retardancy to the nylon 6 fibers, especially in terms of increased LOI value and
improved charring. In addition, the burning behavior is modified as the damaged
length and burning time become shortened while dripping rate is minimized and

no smoldering effect is observed (see Figure 15b). Here, HPCP primarily acts in

the condensed phase via producing aromatic char residues along with the release of
noncombustible gases like CO, CO, and NH; in the gas phase.

Apart from the previous techniques, a newly adopted technique, namely elec-
tron beam irradiation [53] is also considered in several applications to develop flame
retarded nylon 6 fibers. Using this irradiation, some sort of cross-linking is induced
to the polymer structure to alter the physical-chemical and thermal behaviors
of the same. In some occasion, this irradiation-based cross-linking is carried out
in presence of triallylcyanurate (TAC) to avail added benefits. As this kind of
cross-linking usually improves the anti-dripping properties of nylon fibers while
enhancing the physical properties like breaking strength and elongation at break,
especially at a lower dosing. In line, such irradiation is also carried out in the pres-
ence of y-rays along with some sensitizers like trimethallylisocyanurate (TMAIC)
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Figure 15.

The preparation process of PA6/HPCP fibers (top-a) and photos of the representative PA6 and PA6/HPCP
fiber samples before and after the vertical oriented burning test (bottom-b) [52], copyright 2019. Reproduced
with permission from Wiley periodicals, Inc.

and trimethylolpropanetrimethylacrylate (TMPTMA) [54]. In order to overcome
the low yield % in cross-linking reaction under the low radiation technique,
different types of sensitizers are associated to overcome this shortcoming [55].
Meanwhile, this sensitizer assisted cross-linking alters the nylon 6 fiber structure
into a three-dimensional network, which imparts improved anti-dripping proper-
ties to the modified fibers. The major results of the above section are summarized in
Table 4.

4.2.2 FR treatment at fabric stage

A very few attempts have been adopted so far to modify the flame retardant
behaviors of nylon 6 textiles at fabric stage. Apaydin et al. [56] first take the initia-
tive to come up with surface finishing of nylon 6 fabrics and introduce layer by layer
(LbL) technique in preparing a flame retardant coating using two different types of
polyelectrolytes (see Figure 16x). One is petro-based organic compound, namely
polyallylamine (PAH) (polycation) and the other is an inorganic mineral compound
like montmorillonite (MMT) (polyanion). The prepared coatings come up with a
homogeneous distribution of coating ingredients with some roughness while in 20
bilayers deposited fabric sample, the MMT platelets lay in a parallel alignment (see
Figure 16y). And this parallel distribution of MMT platelets ultimately imparts
better mechanical and barrier properties to the coating structure. Meanwhile, the
as prepared coatings, especially with 10 and 20 bilayers deposition offer enhanced
thermal stability of the fabric substrate with a significant reduction in pHRR.
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x) Schematic vepresentation of layer-by-layer deposition. We vepeated the steps 1—4 until the desired number
of bilayers and y) a cross-sectional assemblies (top-x) and SEM cross-section of 5, 10 and 20 BL coated samples
(bottom-y) [56], copyright 2012. Reproduced with permission from Elsevier ltd.

Apart from the LbL assembly, a sol-gel technique using DOPO-VTS and TEOS is
also adopted in developing flame retardant finishes onto the nylon 6 fabric surfaces
[57]. The co-application of silicon compounds with a DOPO derivative ensures
added charring while providing thermal stability to these residues, which acts
positively to stop the melt-dripping of nylon fabrics.

Moreover, flame-retarded nylon 6 textiles with a knitted structure is devel-
oped using a different technique [58]. Here, a blending technique is adopted to
mix three different components, namely nylon 6 multifilament, commercially
available nylon 6 polymer chips and synthesized flame-retarded nylon 66.

Initially, the flame-retarded nylon 66 is developed through the co-condensation
reaction of hexamethylenediammoniumadipate (AH-salt) with the salts of
hexamethylene diamine and two different organophosphorus compounds
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Substrate FR compounds Application Main results Eco-friendliness
technique
Nylon 6 Polyallylamine and LbL 62% reduction in pHRR Partial
fabric [56] MMT assembly for 20 BL deposition
Nylon 6 DOPO-VTSand Pad-dry-cure Impart non-dripping No
fabric [57] TEOS behavior, decrease the
THR value and increase
the char yield%
Nylon 6 FR-PAG66 + PA6 Blending LOI up to 38%, V-0 rating No
fabric [58] technique in horizontal burning test
Table 5.

Collected results of flame retardant treatment for nylon 6 fabric.

like 3 hydroxyphenylphosphinylpropanoic acid (3-HPP) and 9,10-dihydro-10-[2,3-di
(hydroxycarbonylpropyl]-10-phosphaphenanthrene-10-oxide (DDP). Here, the
mixing of flame retardant compounds with varied polyamides ensures better misci-
bility and compatibility of the composites, which help the modified nylon 6 fiber to
retain its physical properties as well as overcoming the post-synthesis shortcomings
related to bleeding and higher loading of flame retardant compounds. Finally, the
prepared fabric with a knitted structure using these flame-retarded nylon 6 fibers
come up with a very high LOI value (i.e., 36-38) and reveals improvements in other
parameters. The key results of this section are presented in Table 5.

5. Conclusions

The flame retardant treatment of nylon textiles is getting constant development
with time and becoming more sustainable in terms of uses of bio-derived flame
retardant compounds and the green application processes. However, in the earlier
applications, the use of petro-based flame retardant compounds has been more
prominent. Additionally, it is seen that the fiber stage finishing has been more
preferable over the topical finishing in the previous applications. Nonetheless, this
fiber stage finishing still exists at a limited scale while some sort of modification
is initiated in the current applications to convert this process more eco-friendly.
However, due to the limitation of fiber stage finishing method related to the poor
mechanical or physical properties in the modified fibers, the topical finishing has
become very popular in today’s applications. Meanwhile, the green practices in
topical/surface finishing, especially in terms of flame retardant compounds and
application methods are increasing day by day. These bio-derived compounds show
efficacy in improving some crucial flame retardant parameters, namely reducing
PHRR and enhancing the char yield % as their polyalcoholic aromatic structure
favors the condensed phase mechanism. However, they are yet to show the potency
in improving LOI values and thermal stability. Even in some extent, coatings
developed from bio-derived polyelectrolytes via ionic interaction suffer from poor
wash durability, which need to be optimized further. In line, some sort of hybrid-
ization, both in application methods (i.e., sol-gel/layer-by-layer assembly, etc.) and
in flame retardant compounds (i.e., organic/inorganic/nanocompounds) have been
enormously used in these days. In a typical application, flame retardant compounds
belonging to organic species produce charring while the inorganic species offer
shielding effect to these char residues to safeguard the underneath textiles from
further burning. Such kind of hybridization has been found beneficial in improving

109



Flame Retardant and Thermally Insulating Polymers

the charring ability of nylon textiles as the nylon polymers show poor charring due
to their typical aliphatic structures. Though some recent works have already shown
promise in imparting flame retardant properties to the nylon textiles considering
the environmental impacts and durability issues of such finishing methods, still
there are challenges to imply them commercially.
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