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Preface

Flame Retardants has a significant meaning since flame retardants are one of the most impor-
tant properties of materials for fire resistance and characterization of materials. The preven-
tion and control of fire in different fields is a hot topic of research. Flame-retardant materials
are used to reduce the risk of fire by decreasing the combustion rate and flame propagation
in the presence of fire. Phosphorus, silicone, boron, nitrogen, and other miscellaneous ele-
ments containing materials or reactive monomers (petroleum or bio-based) possess inherent
flame-retarding characteristics and they are used as halogen-free and green flame-retardant
materials. They can be used on their own or added to develop materials to enhance flame
retardancy. Moreover, nanoadditives/fillers such as graphite, carbon nanotubes, organoclay,
and others have gained interest in improving the flammability of materials because of their
small size when forming nanocomposites.

The book is divided into four sections. Section 1 consists of an introduction that focuses on
the basic aspects of flame-retardant materials, types of fillers, and additives used. The intro-
duction also discusses briefly bio-based flame retardants, while particular emphasis is given
to the development of vegetable oil-based flame retardants and their applications. Section 2
is dedicated to physiochemical properties such as molecular weight, vapor pressure, octa-
nol/air partitioning coefficient, octanol/water partition coefficient, water solubility, and or-
ganic carbon/water partitioning coefficient, all of which influence the distribution pattern of
these contaminants in the environment. In addition, this section also provides an evaluation
of the concentrations of these chemicals in various environmental media, such as indoor and
outdoor air, indoor dust, soil and sediment, sewage sludge, biota and food, and human tis-
sues. Section 3 focuses on thermoplastic polymers and their interactions with the surfaces of
flame-retardant fillers; physical properties of nanocomposites such as mechanical proper-
ties, gas permeability, rheological performance, and thermal conductivity are also briefly re-
viewed along with flame retardancy. Section 4 includes computational analysis. The book
will be useful for scientists and researchers interested in the field of fire control.

It has been a rewarding process for us to learn from all the contributing authors throughout
the editing process and we would like to express appreciation to all them. Their dedication
and enriching expertise have added value to this book and will definitely be appreciated by
readers.

I would like to acknowledge the technical staff and Ms. Romina Skomersic, author service
manager of Intech Open Access Publisher, for their remarkable efforts and coordination
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with the editors and contributors. Many thanks to Professor Nahid Nishat and also to the
Department of Science and Technology, New Delhi, India, for the Women Scientist Scheme
(WOS) for Research in Basic/Applied Sciences.

Dr. Fahmina Zafar, PhD

Inorganic Materials Research Laboratory
Department of Chemistry

Jamia Millia Islamia

New Delhi, India

Dr. Eram Sharmin, PhD

Department of Pharmaceutical Chemistry
College of Pharmacy

Umm Al-Qura University

Makkah Al-Mukarramah, Saudi Arabia
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Chapter 1

Introductory Chapter: Flame Retardants

Eram Sharmin and Fahmina Zafar

Additional information is available at the end of the chapter
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1. Introduction

Fire is one of the greatest inventions of human beings, no doubt. However, if not managed
cautiously, it may be deadly hazardous causing inestimable harm to life and property.
Polymeric materials comprising of hydrocarbon chains are prone to burning when exposed to
fire, releasing enormous heat, flame and smoke. With polymers all around us today, the great
significance of fire/flame retardant materials [FiRs] in our lives can be judiciously realized.
Polymers can be made fire/flame retardant [FiR] by the inclusion of micro- and nano- FiR
fillers or by the incorporation of FiR compounds in their backbone. This review paper focuses
on the basic aspects of FiR polymers such as their composition, types of fillers and additives
used, and their applications. The review also discusses briefly about bio-based FiRs, while
emphasis will be particularly made on the developments in the field of vegetable oil-based
FiRs and their applications.

Polymers celebrate prominent place in our daily lives. The extensive uses of polymers
also raise our concerns and requirements for fire safety, as the polymers are highly com-
bustible, being mainly made up of carbon and hydrogen. When exposed to fire, polymers
burn rapidly, releasing lot of heat and smoke, causing great damage to life and property.
Thus, the use of FiRs has become mandatory from viewpoint of safety of life and environ-
ment. FiRs stop or inhibit the polymer combustion process, acting physically or chemically,
by interfering with heating, pyrolysis, ignition, thermal degradation, i.e., various processes
involved in polymer combustion. Thus, to improve FiR properties of polymers, it is very
important to understand combustion which requires three main candidates: heat, oxygen
and fuel (combusting material). When a substance is heated, its temperature rises to its
pyrolysis temperature, and it produces char, liquid condensates and some gases (flammable
and non-flammable). At still higher temperature, combustion temperature, these flammable
gases produce large amount of light, heat and smoke on combining with oxygen (Figure 1).

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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The combustion cycle thus continues with the help of heat produced by combustion [1]. The
disruption in this combustion cycle can cause flame retardancy, and can be achieved by the
following mechanisms (Figure 2):

* incorporation of such materials in polymers that, on exposure to heat do not allow the
temperature of material to rise to pyrolysis temperature,

* incorporation of materials that produce more non-flammable by-products and char during
pyrolysis; the latter acts as an obstacle to heat and mass transfer between gas and con-
densed phase (condensed phase mechanism), and

¢ using FiRs that cause reduction in O, concentration in flame zone, by releasing non-flam-
2 y

mable gases (gas phase mechanism).

FiRs comprise of additive FiRs, compounds (mineral fillers, hybrids) that are incorporated in
polymers but they react with polymers only at higher temperatures, that is at the onset of fire,
and reactive FiRs that are incorporated in polymer chains during synthesis.

There are many types of FiRs based on:

* minerals (oxides and hydroxides of metals, ex: magnesium hydroxide, aluminum hydrox-
ide, calcium carbonate; borates, ex: zinc borates)

¢ halogens

¢ phosphorus

e silicon

® nitrogen

® nanoparticles

Products

Figure 1. Combustion cycle.
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Figure 2. Types of FiRs and their mode of action.

Some examples of FiRs containing bromine and phosphorus are given in Figures 3 and 4.

Nanoparticles not only improve mechanical strength but also enhance flame retardance of poly-
mers. These include nanoclays, carbon nanotubes, sepiolites, silsesquioxane, silica and titanium
nanoparticles, nano metal oxides and others (Figure 5). Figure 6 provides mechanism of flame
retardance by nanoclays in a polymer composite. The selection of a particular nanoparticle as
FiR, in polymer composite systems, depends upon its chemical structure and geometry.
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Figure 3. Bromine-based aliphatic and aromatic FiRs (a) hexabromocyclododecane, (b) tris (tribromoneopentyl)
phosphate, (c) decabromodiphenyl ether, (d) tetrabromo bisphenol A, (e) bis (2-3-dibromopropylether) tetrabromo
bisphenol A and (f) 1,2-ethylene bis (tetrabromophthalimide).
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Figure 4. Phosphorus containing FiRs (a) phosphinate salts (M = Al, Zn, R = alkyl), (b) ammonium polyphosphate,
(c) 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide, (d) bisphenol A diphosphate, (e) triphenylphosphate and
(f) resorcinol diphosphate.

Figure 5. Some nanofillers used for fire/flame retardance.
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Figure 6. Mechanism of flame retardance by nanoclays.

FiRs are tested by UL 94 V, limited oxygen index, cone calorimeter, and other tests. Several
prospects of FiRs have been described in detail in previously published reviews [1-3].

The strategies to improve fire/flame resistance are primarily governed by the nature and
chemical structure of polymers, their mode of decomposition, fire safety level required and
the performance of the polymer product. Today, our rising concerns towards human health
and environment protection, together with the fire safety of life and property, have driven us
to develop FiRs that are cost effective, less/non-toxic, environment-friendly and are conducive
to optimum fire safety performance. Bio-based FiRs are ideal alternatives in this context, dis-
cussed briefly in following section.

2. Bio-based FiRs

Fast depleting petroleum resources, high prices of petro-based chemicals, health and environ-
mental hazards caused by these, worldwide legislations and also ban on the use of some com-
pounds have drastically influenced the world of polymer materials, so also FiRs. Thus it has
become imperative to use bio-based resources in the field of FiRs. Biomolecules such as carbohy-
drates (cellulose, starch, chitosan, alginates), proteins, lipids (vegetable oils, cardanol) and phe-
nolic compounds (lignin, tannin) can be used as such or can be derivatised to obtain bio-based

7
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building blocks. The latter can be further modified to obtain FiRs, based on their chemical struc-
ture and inherent thermal properties. To assess the use of bio-based materials as FiRs, it is neces-
sary to inspect their composition and thermal behavior. Apart from this, bio-based materials
should meet some other criteria as well, to be used as FiRs, that is, (i) these materials should bear
sufficiently high thermal stability in compliance with their processing, (ii) their charring abil-
ity should be high, (iii) they should bear functional groups such as hydroxyls, carboxylic acids,
amines, double bonds and others, that may undergo chemical transformations, and (iv) there
should be inclusion of elements (P, N, Si) that are capable of introducing flame retardancy. Bio-
based materials can be used by themselves as an ideal component of FiRs, or in combination with
traditional FiRs such as P, N or with melamine, boric acid and also by chemical modifications.

2.1. Why biomolecules mentioned above are used in the field of FiRs?

Lignin is used as an additive to increase the fire retardance of polymers. At high tempera-
tures, it gives the highest char yield. This char residue slows down combustion as it forms a
protective layer. Lignin has been used in combination with boric acid, melamine, aluminum
phosphate, urea and other FiRs. Proteins and deoxyribonucleic acid [DNA] are used in the
field as both contain important elements, N and P, showing flame retardance. Both are capable
to form films over textiles. The protein coating increases the burning time and slows down the
burning rate. DNA, a natural intumescent FiR, contains C, N and P. Carbohydrates are used as
charring agents as they contain oxygen. Starch is used as matrix and also as FiR coating in tex-
tiles through layer-by-layer technique. Chitosan as a carbon source is also used as FiR in textile
coating by layer-by-layer technique. This technique improves FiR ability of the coated fabrics
by declining their thermal decomposition and decreasing their burning time. Lipids such as
fatty acids, vegetable oils, cardanol and others are also used as FiRs. Phosphorylation is the
most frequently used method to introduce fire retardance in bio-based materials. Chitosan,
lignin, vegetable oils, cardanol, and others have successfully undergone phosphorylation.

Past years have witnessed great research and development in this field. Several fire protec-
tion solutions have cropped up utilizing bio-based resources and complying with “Green
Chemistry” principles. However, even with gigantic number of solutions available, it is not
easy to assess which one is the most successful. In this context what should significantly be kept
in mind is (i) overall performance of FiRs, (ii) environmental and health hazards associated
with their processing, formulation and application, and (iii) cost effectiveness of raw materials
used and processes involved. Vegetable oils [VO] are domestically abundant, cost-effective
and non-toxic. They contain several functional groups that can be tailor-made by different
chemical transformations through “greener” methods for different applications such as FiRs.

3. Vegetable oil based FiRs

VO can be modified by P, Si, halogens such as chlorine and bromine, to be used as FiRs. Such
VO derivatives can be used as plasticizers for PVC (Figure 7). During thermal degradation,
they provide carbon and acid sources that enhance flame retardancy by promoting char residue
formation [4].
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Figure 7. Phosphorus containing VO based derivatives, where (a-c) 9, 10-Dihydro-9-oxa-10-phosphaphenenthrene-
10-oxide groups containing soybean oil based derivatives, (d-e) diphenyl phosphine oxide containing sunflower oil
based derivatives, (f-g) cashew nut shell liquid based derivatives, and (h-j) diethyl phosphate and chlorinated phosphate
derivatives of castor oil [4].

In the synthesis of FiR polymers from VO, the advantage is taken of the presence of functional
groups in VO such as double bonds, hydroxyl and ester groups which undergo derivatization
reactions such as epoxidation, esterification, urethanation, alcoholysis and others (Figure 8).
The inserted epoxide, ester, urethane groups or the alcoholyzed products are then modified
accordingly by phosphorylation, silylation, boronation, halogenation and others resulting in
FiRs [5]. The polymerization on double bonds can also be done by using styrene, divinyl ben-
zene, dicyclopentadiene, and norbornadiene. Soybean and sunflower oils were reacted with
acrylic acid and N-bromosuccinimide. The bromoacrylated products were then copolymerized
with styrene, and this resulted in the formation of rigid FiR polymer [6, 7]. Bromine containing
FiRs release hydrogen bromide during combustion, causing toxicity and corrosion. Therefore,
P, Si and B containing polymers are significantly popular relative to those containing halogen
because the combustion products they produce are non-toxic, while the latter release corro-
sives, pollute environment, erode instruments and are hazardous to human health.

VO derivatives have also shown dual behavior as they render flame retardancy and also plas-
ticizing effect to polyvinyl chloride (PVC) materials, which find wide applications in pack-
aging, pipes, toys, wire and cable. PVC materials show excellent mechanical and physical
properties, not in neat form, but when combined with plasticizers, such as dioctyl phthalate
[DOP] and dibutyl phthalate. However, there are disadvantages associated with the use of
these plasticizers with PVC, such as diffusion of these plasticizers into surroundings, dete-
rioration in the performance of PVC materials due to loss of plasticizers, and often being
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Figure 8. Chemical routes to produce VO derivatives [5].

susceptible to burning easily. The latter restricts their application in wire and cable that
demand FiR properties. Thus, bio-based plasticizers that improve mechanical properties and
flame retardancy (by supplying acid, carbon and gas source during thermal degradation of
PVC materials) are welcomed [8-10].

VO-based FiRs and FiR plasticizers are prepared by different chemical transformations as
mentioned above. Some of these have been discussed briefly in following sections:

By epoxidation: Epoxidation is carried out at the double bonds of VO. Epoxidized VO, fol-
lowed by further derivatization such as ring opening of oxirane forming polyols, and also
urethanation, produce FiRs. Castor oil [CO] was esterified at hydroxyl groups and then
epoxidized at unsaturation producing epoxidized CO polyol ester, and the latter was treated
with phosphorus oxychloride forming chloro phosphate ester of CO [CIPECO]. CIPECO was
substituted in place of 50 wt% DOP for plasticizing PVC. CIPECO and DOP were blended
with PVC in different ratio producing PVC films that showed high limited oxygen index
[LOI] and improved thermal stability. During thermal degradation, the fatty acid chains of
CO in CIPECO provided carbon source and the generated phosphorus containing compo-
nents promoted the formation of char residual. Thus CIPECO improved plasticization and
also flame retardancy of PVC (Figure 9) [4, 8]. CO was epoxidized at double bond and then
the inserted oxirane ring was modified with diethyl phosphate in presence of triphenylphos-
phine producing phosphate ester, which was blended with PVC. The plasticized PVC showed
high Tg, improved thermal stability and high LOI values [11, 12]. Phosphorylated polyol
polyurethanes [PU] were prepared by epoxidation of soybean oil followed by epoxide ring
opening reaction with phosphoric acid, and the treatment of formed phosphorylated polyols
with polymeric diphenylmethane diisocyanate [PMDI]. These PU showed flame retardancy
same as commercial PU [13]. In another example, two types of polyols were prepared from
rapeseed oil, one through epoxidation followed by ring opening reaction and the other one
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Figure 9. Phosphorus and halogen containing FiRs from castor oil [8].

by transesterification with triethanolamine. PU foams were prepared by replacing 70% of
petrochemical polyols by each of these polyols, adding expandable graphite [EG] as filler and
then these formulations were treated with PMDI forming two-component PU. EG has stacked
layers which are intercalated with acids (sulfuric, nitric, and acetic). Under the influence of
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Figure 10. Phosphaphenanthrene containing FiR from castor oil [17].

high temperatures, EG reacts with acids releasing H,O, CO,, SO, gases that cause expansion
of graphite that behaves as physical barrier for heat and mass transfer. EG modified PU foams
were characterized by flammability test by cone calorimeter to determine certain parameters
(time to ignition, heat release rate, peak of heat release rate, time to peak of heat release
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rate, total smoke release, maximum average rate of heat emission), and by combustion and
thermal stability analyses. The inclusion of EG into VO-based PU foam reduced flammability,
prolonged the combustion time, increased the average burning temperature and rendered
overall good thermal properties and flame resistance to VO-based PU foam [7]. In another
approach, CO was epoxidized, and phosphaphenanthrene [PPP] groups were inserted on
epoxidized CO by oxirane ring opening reaction. The hydroxyl groups of CO and hydroxyl
groups formed during oxirane ring opening reaction were esterified in the next step. This CO
polyester with PPP groups was blended with PVC (partially replacing DOP). The modified
CO polyester improved thermal stability of PVC by promoting the formation of char residue.
The thermal degradation of PPP groups produces phosphorus rich layers that prevent oxy-
gen and heat transfer, rendering PVC more thermally stable and flame retardant. Long fatty
acid chains of CO form a rigid char skeleton preventing char from collapsing [14].

By glycerolysis: Glycerolysis of CO was accomplished with glycerol, in presence of sodium
methoxide and triethanolamine forming monoglyceride and diglyceride of CO [15, 16].
The latter were further epoxidized at double bonds, and the epoxy ring opening reaction
with diethylphosphate resulted in the formation of P containing flame retardant polyol.
The flame retardant polyol formed PU foams in one shot process with PMDI. Such PU
foams were analyzed with thermogravimetric analysis, flammability tests and cone calo-
rimetric measurement, which showed excellent fire resistance performance of these PU,
with only 3% P incorporation, compared to pure PU [15]. In another attempt, glycerolyzed
products of CO, monoglyceride and diglyceride, were epoxidized and PPP groups were
inserted in CO mono- and diglycerides by epoxide ring opening reaction. The hydroxyl
groups of CO and those formed by epoxide ring opening were further esterified and these
PPP-containing CO polyols were used as plasticizer for PVC, partially replacing with DOP
(Figure 10). Thus plasticized, PVC showed high LOI (35.95%) values, improved thermal
stability and reduced flammability [17]. Monoglyceride obtained by glycerolysis of Nahar
seed oil, epichlorohydrin, bisphenol A and tetrabromobisphenol A were reacted together
in an alkaline medium and then nanoclay was incorporated in different weight percent-
ages (1, 2.5, and 5 wt%). These nanocomposites showed high LOI values ranging from 40
to 45. Flame retardance of these nanocomposites is related to the incorporation of nanoclay
that acts as thermal insulator and mass transport barrier during thermal decomposition of
epoxy, and also promotes char formation [18].

Thus, VO can be modified in several ways for their applications as FiRs. With numerous types
of nanoparticulate systems and synthesis methods cropping up and the advent of newer tech-
niques of analyses of FiRs, there is immense scope for utilization of VO as “green” FiRs.

4. Summary

With the presence of polymers in every sphere of daily life, the use of FiRs poses greater safety,
health and environment concerns, also keeping in mind the demands for non-toxicity, cost
effectiveness, level of performance and degree of “greenness” of the final product. The polymer
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matrices are extensively diverse, and therefore no strategy claims as an ideal solution of fire/
flame retardance. The research still continues on the topic in the quest for better and yet better.

FiRs. To some extent, bio-based FiRs do fill the gap.
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Abstract

Polybrominated diphenyl ethers (PBDEs) and ‘novel’ brominated flame retardants
(NBERs) are synthetic chemicals widely used in consumer products to enhance their
ignition resistance. Since in most applications, these chemicals are used additively, they
can transfer from such products into the environment. PBDEs have been classified as sig-
nificant pollutants in the environment. Knowledge of PBDE and NBFR physicochemical
properties provides information about their potential environmental fate and behaviour.
This chapter highlights the most important physiochemical properties such as molecu-
lar weight, vapour pressure, octanol/air partitioning coefficient, octanol/water partition
coefficient, water solubility and organic carbon/water partitioning coefficient that influ-
ence the distribution pattern of these contaminants in the environment. In addition, this
chapter provides an evaluation of the concentrations of these chemicals in various envi-
ronmental media such as indoor and outdoor air, indoor dust, soil and sediment, sewage
sludge, biota and food, and human tissues.

Keywords: PBDEs, NBFRs, physiochemical properties, environmental levels, fate and
behaviour

1. Introduction

Brominated flame retardants (BFRs) are a group of synthetic chemicals added to a wide range
of polymers, foam, plastic, textile, and building materials to meet flame retardancy standards
set by various jurisdictions worldwide, containing 50-85% bromine by weight [1]. Depending
on their mode of incorporation into the polymers to which they are added, they are referred to
as either reactive or additive BFRs. Reactive flame retardants, such as tetrabromobisphenol-A

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINN
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(TBBPA), are chemically bonded to the polymer. Conversely, additive BFRs, such as PBDEs
and hexabromocylododecane (HBCD) are simply blended with the polymers and do not
become a part of the base polymer. Additive BERs are the most common because their appli-
cation in consumer goods is less complicated than for reactive BFRs [2]. An extensive body
of research has reported the presence of BFRs in air, dust, soil, sediment and biota samples.
Evidence of their persistence and capacity for bioaccumulation, coupled with concerns about
their adverse health effects has led to widespread bans and restrictions on the manufacture
and use of PBDEs and their listing under the Stockholm Convention on Persistent Organic
Pollutants (POPs) [3]. Such bans and restrictions on the use of BFRs without the relaxation
of flammability standards has likely resulted in increased production and use of alternatives
referred to collectively as ‘novel’ brominated flame retardants [4]. According to the empirical
data, studies suggest that some NBFRs have the same hazard profiles as ‘legacy’ BFRs [5].

2. PBDEs and NBFRs

PBDEs are a family of chemicals with a common structure of a brominated diphenyl ether
and have the chemical formula C, H  Br, , O. Any of the 10 hydrogen atoms of the diphe-
nyl ether moiety can be exchanged with bromine, resulting in 209 possible congeners. Each
individual PBDE is distinguished from others by both the number of bromine atoms and the
placement of those atoms (Figure 1). These congeners are numbered using the International

Union of Pure and Applied Chemistry IUPAC) system [6].

Commercial products of PBDEs have been marketed in three main formulations, namely:
pentabromodiphenyl ether (Penta-BDE), octabromodiphenyl ether (Octa-BDE) and deca-
bromodiphenyl ether (Deca-BDE). The leading commercial Penta-BDE mixture is primarily
comprised 28% BDE-47 and 43% BDE-99. A commercial Octa-BDE mixture is comprised of
13-42% BDE-183 and 11-22% BDE-197, while Deca-BDE mixture contains primarily >97%
BDE-209 [7].

Bans and restrictions on the use of established BFRs have resulted in the production of alter-
natives to comply with flammability standards. The term NBEFRs refer to brominated flame
retardants, which ‘are new to the market or recently observed in the environment due to
the restrictions and bans on the use of some “legacy” BFRs’. Other terms such as “alternate’,
‘emerging’ or ‘non-PBDEs’ have also been used to refer to these BFRs [4]. It has been indi-
cated that the NBFRs are urgently required because any non-halogenated substituting chemi-
cals can involve significant costs, as industries must adapt their products for all required

= O IS

Brm—— | | —Brr
X Z

Figure 1. General structure of PBDEs (n + m = 1-10).
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performances and product standards [1]. The most common NBEFRs replacing PBDEs are: a
mixture of 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and bis (2-ethylhexyl)3,4,5,6-
tetrabromophthalate (BEH-TEBP) under the trade name Firemaster 550 as a replacement for
Penta-BDEs; 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) as a replacement for Octa-BDE;
and decabromodiphenyl ethane (DBDPE) as a replacement for Deca-BDE [8]. Figure 2 illus-
trates the chemical structure of selected NBFRs replacing PBDEs.

2.1. Physicochemical properties of PBDEs and NBFRs

PBDE commercial products are solids at room temperature, not flammable, and do not pres-
ent a physiochemical hazard [7]. They are hydrophobic contaminants (highly water insoluble)
and typically have high log octanol-water partition coefficients.

Similar to PBDEs, NBFRs are highly hydrophobic compounds and displaying low volatility.
However, differences in molecular structure between PBDEs and their NBFR replacements
result in specific differences in physicochemical properties. For example, the ethane bridge
between the aromatic rings in the DBDPE molecule makes it more flexible and hydrophobic
than BDE-209, with consequences for its environmental fate and behaviour [4]. In general,
BTBPE, BEH-TEBP and DBDPE possess lower vapour pressures and higher log octanol-water
partition coefficients compared with Octa-, Penta- and Deca-BDE, respectively. Tables 1 and 2
and Figure 3 illustrate the most important physiochemical properties: molecular weight (MW),
vapour pressure (V), octanol/air partitioning coefficient (K,,), octanol/water partition coef-
ficient (K, ), water solubility and organic carbon/water partitioning (K ) that influences the
environmental fate and behaviour of PBDEs and NBFRs.

GH3
r CHsy
Br
Br
r CHy
EH-TBB
Br r
r
mo
Br =
BTRPE DBDPE

Figure 2. Chemical structure of selected NBFRs replacing PBDEs.
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BDE Molecular Water solubility mg/L. LogK,, LogK,, Log Vapour pressure (Pa)
weight (@25°C) (@25°C) K. (@25°C)

BDE-28 407.1 0.07 5.94 9.5 391 6.51 x 10

BDE-47 485.82 0.001-0.002 6.81 10.53 412 5.52 x 10

BDE-99 564.75 0.009 7.32 11.31 4.34 7.94 x 10

BDE-100 564.75 0.04 7.24 11.13 n.a 7.07 x 10

BDE-153  643.62 0.001 7.9 11.82 n.a 5.80x 107

BDE-154  643.62 0.001 7.82 11.92 n.a 2.64 x 107

BDE-183 7224 0.002 8.27 11.96 n.a n.a

BDE-209  959.17 <0.001 6.3-12.6 13.21 6.30 9.28 x 10

Table 1. Physicochemical properties of selected BDEs [1, 7, 9].

NBFR Molecular Water solubility (mg/L  Log Log K, Log Vapour pressure (Pa)
weight @25°C) ow (@25°C) K,c (@25°C)

EH-TBB 549.92 1.10 x 10°® 7.73 12.34 5.59 4.57 x 107

BTBPE 687.64 1.90 x 10°° 8.31 15.67 5.89 3.88 x 107

BEH-TEBP  706.14 1.60 x 10°° 9.34 16.86 6.45 1.55 x 10"

DBDPE 971.22 2.10x 107 11.1 19.22 7.00 6.00 x 107"

Table 2. Physicochemical properties of selected NBFRs [8, 10, 11].

2.1.1. Impact of physicochemical properties on the environmental behaviour of BFRs

Knowledge of the physicochemical properties of substances provides information about their
potential environmental fate and behaviour.

2.1.1.1. Molecular weight (MW)

Depending on their molecular weight, chemicals show diverse behaviour in environmental
and biological systems. With specific regard to PBDEs, variations in the degree of bromination
drive variations in physicochemical properties such as vapour pressure, hydrophobicity and
lipophilicity, which in turn lead to congener-specific variations in environmental fate and
behaviour. For example, while those less brominated congeners prevalent in the commercial
Penta- and Octa-BDE formulations are more bioaccumulative in aquatic biota; higher bromi-
nated congeners, such as BDE-209, predominated in sediments. However, potential degra-
dation of higher brominated compounds could yield lower brominated PBDEs that display
stronger bioaccumulation characteristics than BDE-209 itself [12].

2.1.1.2. Vapour pressure (V)

V, is a useful indicator to determine the potential of chemicals to volatilise from surfaces to
the atmosphere. Inhalation is less likely to be a substantial pathway of exposure to chemicals
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Figure 3. Molecular weight, Log K, (octanol/water partition coefficient) Log K, (octanol/air partitioning coefficient)
and vapour pressure of selected PBDEs and NBFRs. *Octa-BDE.

with a V, <10 mm Hg (10 Pa). Conversely, inhalation is likely significant for chemicals
witha V,>1 x10* mm Hg (107 Pa) [5]. Chemicals including many BFRs possess a V, between
1x10®and 1 x 10* mm Hg partition between the gas and particulate phases and are thereby
considered semi-volatile. The equilibrium between the two phases is controlled by the V, the
surrounding air temperature, and the concentration and chemical composition of airborne
particulate matter. V_ of PBDEs and NBFRs decrease with increasing molecular weight and
degree of bromination [5, 7].

2.1.1.3. Octanol-air partition coefficient (K ,)

K,, is a parameter that describes the partition of semi-volatile organic compounds (SVOCs)
between the gas phase and organic matter such as that found in airborne particles. Commonly
expressed as log K, it is the ratio between the concentration of the chemical in air and its
concentration in octanol at the equilibrium state. As with V , log K, depends on the tempera-
ture. Higher log K, values imply stronger binding to the organic content of particles [13, 14].
As shown in Tables 1 and 2, log K, values fall between 9.5 and 13.2 for PBDEs and between
12.3 and 19.2 for NBERs. This indicates that BFRs will deposit readily from the gas phase into
indoor dust, soil and vegetative biomass. In addition, the wide range of log K |, values implies
a varying abundance of these pollutants in particulate phases [7].

2.1.1.4. Water solubility and octanol/water partition coefficient (K )

As shown in Tables 1 and 2 and Figure 3, in general, PBDE water solubility values are higher
than those of NBFRs. Water solubility is strongly inversely related to the K. Commonly

expressed as log K, this is an important property for assessing the environmental fate and
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behaviour of chemicals. Generally, organic chemicals with a log K, value > 5.0 are very
hydrophobic, thereby displaying a high tendency to sorb organic carbon in sediments, soils,
and indoor dust and —when combined with a resistance to metabolism —possess a marked
capacity for bioaccumulation [7].

2.1.1.5. Organic carbon water partitioning coefficient (K, .)

Another important physiochemical property is K, which provides an indication of a chemi-
cal to leach from soil to groundwater and to partition from the aqueous phase of water bodies
to suspended solids and sediments. Chemicals with high K . values are strongly sorb to soil
[5, 7]. In general, as shown in Tables 1 and 2, Koc values for PBDEs (3.9-6.3) are slightly lower
than by those of their replacements (log K. of NBFRs 5.8-7).

2.2. Environmental levels of PBDEs and NBFRs

PBDEs and NBFRs as additive flame retardants can be released from treated products and
enter the environment via several ways. These include volatilisation and leaching from
treated products, partitioning to indoor dust, leaching from landfills and recycling of waste
products [15]. As a consequence of their persistence and potential for long-range atmospheric
transport, PBDEs and NBFRs have been detected in Arctic media, transported on airborne
particulates rather than the gas phase. The first detection of PBDEs was in 1979 in soil, and
slug samples from the USA, with the first detection in vertebrates (fish and marine mammals
collected from the Baltic Sea) were in the 1980s. By comparison with legacy BFRs, the occur-
rence of NBFRs in the environment is at lower levels; however, the last few years has seen a
rise in contamination with NBFRs [16].

2.2.1. Levels of PBDEs and NBFRs in indoor and outdoor air

Depending on their V, and K,,, SVOC BFRs can volatilise from treated products and be
abundant in both gaseous and particulate phases. The partitioning between the two phases is
mainly driven by atmospheric temperature. It is expected that at a given temperature, lower
brominated compounds are more abundant in the gas phase, while higher brominated conge-
ners are more prevalent in the particle phase [14].

It is difficult to compare PBDEs levels in air samples between countries, due to the different
number of individual congeners, sampling method (passive or active) and the atmospheric
phase sampled (vapour, particle or both). PBDEs were detected in indoor air samples from
the UK [17], Germany [18], Denmark [19], Sweden [20], USA [21], Canada [22], China [23]
Japan [24], and Australia [25]. Concentrations were variable between countries. For the above-
mentioned countries, PBDE concentrations were between 17 and 55 pg/m?® in Japan and 210
and 3980 pg/m?® in the USA. In Norway, the maximum concentration of BDE-209 in indoor air
samples was 4150 pg/m® with a median concentration of 3.8 pg/m? (n = 47) [26].

In outdoor air samples, BEFRs were detected at low levels compared with those in indoors. For
each of BDE-47, BDE-99 and BDE-100, concentrations in indoor air were 100 times higher than
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the outdoor in the UK [17]. In the USA, EPBDE concentrations ranged between 10 and 85 pg/m?,
with BDE-47 predominant [27]. In China, concentrations of Ztri-hepta-PBDEs ranged between
87.6 and 1941 pg/m?, with BDE-47 and BDE-99 predominant [28].

Recently, in addition to PBDEs, more attention has been paid to NBFRs. Low concentrations
of NBFRs were detected in air samples. In Sweden, BEH-TEBP and DBDPE in indoor air
ranged <35-150 pg/m® and < 90-250 pg/m? with detection frequencies of 15 and 8% for BEH-
TEBP and DBDPE respectively [29]. In China, only EH-TBB and DBDPE were detected, at
very low concentrations [30].

2.2.2. Levels of PBDEs and NBFRs in surface water

As a source of fresh water, lakes are important. In the UK, an average concentrations of tri-
hexa-BDEs in nine English lakes was 61.9 pg/L. Spatial variation was found between lakes,
however, no correlation was detected between PBDE concentrations and population density.
In addition, no evidence a decline in concentrations during the sampling period [31]. Another
study [32] in the USA, from 18 stations on the five Great Lakes’ water, reported that the aver-
age concentrations of Xtri-deca-BDEs (112 pg/L) were dominated by BDE-47 and BDE-99 with
average concentrations of 26.8 and 26.4 pg/L respectively followed by BDE-209 (9.5 pg/L).
Average concentrations of BEH-TEBP, EH-TBB and other NBFRs were 10.4, 5.6 and <1.1 pg/L,
respectively [32]. In sea water from the European Arctic, concentration of X, PBDEs (tri-deca)
in dissolved water and suspended phases of seawater ranged from 0.03 to 0.64 pg/L, with
BDE-47 and BDE-99 predominant [33].

2.2.3. Levels of PBDEs and NBFRs in sediment and soil

PBDE congener profiles in sediments are dominated by higher brominated congeners such as
BDE-209 and DBDPE. This is different from profiles in biota samples, which are dominated
by lower brominated congeners, such as BDE-47 and BDE-99 [34]. In marine sediments, BFRs
were detected in Canada [35], San Francisco Bay, USA [36], Gulf of Lion, France [37], Northern
Arabian Gulf [38], East Java Province, Indonesia [39], Goseong Bay, Korea [40], South China
[41], and the Scheldt estuary, the Netherlands [42]. With the exception of the Scheldt estuary,
the Netherlands (where sediment concentrations ranged 14-22 ng/g dw for tri-hepta-BDEs
and 240-1650 ng/g dw for BDE-209) and south China (for which sediment concentrations fell
between 30 and 5700 ng/g dw for BDE-209); concentrations of PBDEs in other countries were
very low. In surficial sediments sampled along cruise transects from the Bering Sea to the cen-
tral Arctic Ocean, L ,PBDEs (without BDE-209) in the marine sediments ranged from <MDL
to 67.8 pg/g dw, with an average concentration of 9.8 + 11.9 pg/g dw [43]. The study pointed
that the ¥, PBDE concentrations show a reduction from 2008 to 2012. In river sediment cores
from China, PBDE concentrations ranged between 1.3 and 1800 ng/g dwt with the highest
levels found at 4-6 cm depth [44].

Soil represents a major sink for many volatile organic pollutants operating during atmospheric
transport. In Birmingham, UK, average concentrations of BDE-209 and Xtri-hepta-BDEs in
soil samples were 11 and 3.6 ng/g, respectively [45]. These concentrations were higher in sites
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closest to Birmingham city centre [45]. In an e-waste recycling area in South China, PBDE and
NBFR concentrations in rhizosphere soils and non-rhizosphere soils were 13.9-351 ng/g for
PBDEs and 11.6-70.8 ng/g for NBFRs. BDE-209 and DBDPE were predominant compounds
[46]. Another study in China emphasised that DBDPE and BDE-209 were the predominant
compounds in the forest soil samples. The concentrations of DBDPE and BDE-209 ranged
between 25-18,000 pg/g and <dl -5900 pg/g respectively. In the same study, the distribution
of BEH-TEBP and most PBDEs were significantly correlated with population density. In
addition, the correlation between PBDEs and their replacement products indicates similar
environmental behaviour [47]. Possible debromination of BDE-209 to lower brominated con-
geners in soils and sediments is a major concern [48].

2.2.4. Levels of PBDEs and NBFRs in sewage sludge

Wastewater treatment plants may not be effective in removing PBDEs. About 52-80% and
21-45% PBDEs remained in effluent and dewatered sludge, respectively, post-sewage treat-
ment [49]. On the other hand, both lower brominated PBDEs and BDE-209 could be successfully
removed from contaminated sludge under aerobic conditions [50]. In Korea, concentrations of
LPBDE in sludge ranged from 298 to 48,000 ng/g dry weight, and among 10 NBFRs, DBDPE
and BTBPE were only detected in sludge samples. DBDPE and BTBPE concentrations ranged
from <d1-3100 to <dI-21.0, with average concentrations of 237 and 1.57 ng/g dwt for DBDPE
and BTBPE, respectively [40]. In Spain, the occurrence of eight PBDEs and NBFRs (EH-TBB,
BTBPE, BEH-TEBP and DBDPE) was evaluated in wastewater from wastewater treatment
plants. With the exception of BEH-TEBP, no PBDEs or NBFRs were detected in unfiltered
influent samples. However, 279-2299 ng/g dwt of flame retardants were detected in primary
sludge [51].

From 12 countries around the world, the highest levels of DBDPE in slug samples from
wastewater treatment plants were found in Germany (216 ng/g dwt) compared with Europe
(81 ng/g dwt) and North America (31 ng/g dwt). The highest concentrations of Deca-BDE were
found in the UK and the USA with values of 12,000 ng/g dwt and 19,000 ng/g dwt, respec-
tively [52]. In waste biological sludge and treated bio solids from wastewater treatment plants
in Canada, BDE-209, BDE-99 and BDE-47 were the predominant compounds with concentra-
tions of 230-82,000, 530-8800 and 420-6000 ng/g, for BDE-209, -99 and -47 respectively [53].

2.2.5. Levels of PBDEs and NBFRs in biota and food

During the last decade, in addition to PBDEs, their replacement of NBFRs has been shown to
accumulate in biota. NBFR levels in seven animal species from the Arctic, specifically one fish
species, three seabirds, and three mammalian species were investigated. BTBPE and DBDPE
were not detected in any of these species, while EH-TBB was found in all species and BEH-
TEBP in only five. Concentrations of EH-TBB ranged between 378 and 3460 pg/g wet wt,
while those of BEH-TEBP ranged from 573 to 1799 in whole fish, liver, egg and plasma [54].
For PBDEs, Eulaers et al. [55] reported that PBDE concentrations in muscle, liver, adipose,
preen gland and feathers in Barn Owls were 7.46-903 ng/g lw in 20082009, which were lower
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than in those collected in 2003-2004 (46-11,000 ng/g Iw). The authors tentatively ascribed the
decline to the 2004 European ban of Penta- and Octa-BDE mixtures. By comparison, NBFRs
were found to be poorly bioaccumulated (2.3%) [55].

PBDEs and NBFRs have been detected in human food, animal feed and baby food. In the
UK, concentrations of X, PBDEs in food samples ranged between 0.02 and 8.91 ng/g whole
weight, and, in animal feed, samples ranged between 0.11 and 9.63 ng/g whole weight. The
highest PBDE concentrations were detected in fish, processed foods and fish feeds [56]. In
home produced eggs from e-waste sites in China, EH-TBB and BEH-TEBP were found in low
concentrations in 50% of chicken egg samples, ranged between <dl-1.82 and 1.17-2.6 ng/g
for EH-TBB and BEH-TEBP, respectively [57]. In the three categories of baby food (formula,
cereal, and puree) from USA and Chinese stores, median concentrations of ZPBDEs (sum of
BDE-17, -28, -47, -49, -99, -100, -153, -183, and -209) were 21 and 36 pg/g for American and
Chinese baby foods, respectively [58].

2.2.6. Levels of PBDE and NBFR in human tissues

As discussed above, numerous studies have shown the presence of PBDEs and NBFRs in
many media pertinent for human exposure via inhalation, ingestion and dermal routes. Due
to their persistent and bioaccumulative properties, PBDEs and NBFRs have been found in
human milk, serum, hair and nail samples. EH-TBB, BEH-TEBP, BTBPE, DBDPE, BDE-
209 and BDE-153 in paired human serum (n = 102) and breast milk (n = 105) samples from
Canada were investigated. Only EH-TBB and BDE-153 (lower brominated degree and more
bioaccumulative) had detection frequencies higher than 55% in both serum and human milk
samples, while detection frequencies for other BFRs were lower than 30%. Concentrations in
serum and human milk were 1.6 and 0.41 ng/g Iw for EH-TBB, and 1.5 and 4.4 ng/g lw for
BDE-153, respectively [59]. In the UK, the average concentrations of Ltri-hexa-BDE and BDE-
209 in human milk were 5.95 and 0.31 ng/g Iw respectively. Concentrations of BDE congeners
were BDE-47 > BDE-153 > BDE-99 [60]. BDE-47, -99, —-100, and -183 were detected in most
human hair samples from Hong Kong [61]. Concentrations of PBDEs in human hair samples in
females were higher than males [62]. For NBFRs, EH-TBB and BEH-TEBP were detected in hair
and nail samples at concentrations between 20 and 240 and 11 and 350 ng/g in hair samples
and <17-80 ng/g and <9-71 ng/g in nail samples for EH-TBB and BEH-TEBP respectively [63].

2.2.7. Levels of PBDE and NBFR in indoor dust

As semi-volatile organic compounds (SVOCs) and additive flame retardants, PBDEs and
NBFRs can be released from the products via volatilisation into surrounding air, depending
on their V, Such volatilised pollutants may then undergo deposition to both suspended and
settled indoor dust, with the relative partitioning between these two phases governed by the
K, of the BFRs [13].

A large number of investigations around the world have reported high concentrations of
BFRs in indoor dust. The highest levels of PBDEs were reported in US dust samples with
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Country (media) [reference]

Median/range—indoor air (pg/m?)

BDEs EH-TBB BEH-TEBP BTBPE DBDPE
USA [21] 760
Germany [18] 37.8
Sweden [20] 330
Australia [25] 19
China [23] 628
UK [17] 128
Sweden [29] <35 <90
China [30] 7.2 40
Indoor dust (ng/g)
Germany [78] 979.1 <3.0 343 <10 146
USA [79] 133 142 30 201
Canada [80] 120 99 30
Pakistan [70] 143.8
UK [64] 2862
Kuwait [70] 339.4
Iraq [72] 631.5 5.3 64.2 14.1 125
Egypt [71] 53.07 0.81 0.12 0.24
Pakistan [81] 0.03 35 3.15 14
Surface water (pg/L)
European Arctic [33] 0.03-0.64
USA, Great Lakes [32] 117-623
UK, lakes [31] 9.2-171.5
Sediment and soil (pg/g dw)
Arabian Gulf [38] 0.06-0.44
Netherlands [42] 14,000-22,000
China Marin sediment) [41] 30,000-5,700,000
China (river sediment) [44] 1300-1800
South China (soil) [46] 13,900-351,000
China (forest soils) [47] <dl1-5900 (BDE-209) <dl-1400 4-643 25-1800
Sewage sludge (ng/g dw)
Korea [40] 298-48,000 <dl-21.0 <dl1-3100
Spain [51] 279-2299 (BFRs)

Canada (biological slug) [53]

230-82,000 (BDE-209)
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Country (media) [reference] Median/range—indoor air (pg/m?)

BDEs EH-TBB BEH-TEBP BTBPE DBDPE

Biota, food and human tissues (ng/g)

The Arctic (fish and seabirds) [54] 0.378-3.460 0.573-1.799
Belgium (Barn Owls) [55] 7.46-903

UK (food samples) [56] 0.02-8.91

UK (animal feed) [56] 0.11-9.63

China (Egg) [57] <dl-1.82 1.17-2.6
Canada (serum) [59] 1.5(BDE-153) 1.6

Canada (human milk) [59] 4.4 (BDE-153) 0.41

UK (human milk) [60] 6.26

Hong Kong (human hair) [61] 0.86-5.24 (BDE-47)

Table 3. Concentrations of PBDEs and NBFRs in air, water, sediment, soil, indoor dust and human tissues from different
countries around the world.

median concentrations of ZPBDEs ranging between 1910 and 21,000 ng/g [21, 63]. The UK dis-
played the second highest PBDE indoor levels with concentrations ranging between 2900 and
10,000 ng/g [64]. For other parts of the world, ZPBDE median concentrations were: 950 ng/g
in Canada [65], 386 ng/g in Germany [18], 510 ng/g in Sweden [20], 1941 ng/g in China [61]
and 1200 ng/g in Australia [66]. In the Middle East, the first study in Kuwait in 2006 reported
a median concentration of XPBDEs of 90.6 ng/g [67], these levels increased in 2011 to a median
concentration of 356 ng/g [68]. In Egypt, Iraq and Pakistan, ZPBDE median concentrations
were 46 [69], 635 [70] and 143 ng/g [68], respectively. Similar to the distribution of PBDE
congeners in indoor dust from UK and China, BDE-209 was the major BFR detected in indoor
dust from the Middle East. The PBDE congener profiles have changed, and Penta-BDE levels
were about one-third those measured in previous studies in 2006 [71, 72].

Recently, studies have increasingly measured NBFRs in indoor dust. EH-TBB, BEH-TEBP,
BTBPE and DBDPE represented the highest NBFR concentrations in house dust in the USA
[73], with a distribution profile of EH-TBB > BEH-TEBP > DBDPE > BTBPE. The median con-
centrations were 337, 186, 22.3 and 82.8 for EH-TBB, BEH-TEBP, BTBPE and DBDPE respec-
tively [74]. In Europe, NBFR concentrations and profiles differ from those in the USA. The
major compounds in European indoor dust are DBDPE and BEH-TEBP, with EH-TBB and
BTBPE present at lower levels. In the UK (classroom dust), median concentrations were 25,
96, 9 and 98 for EH-TBB, BEH-TEBP, BTBPE and DBDPE, respectively [75]. Meanwhile, in
Sweden, median concentrations of EH-TBB, BEH-TEBP, BTBPE and DBDPE were 51, 47, 320,
2.6, 61, 6.3, and 150 ng/g, respectively [76].

In China, in addition to the elevated concentrations of PBDEs, high concentrations of NBFRs
were detected in floor house dust as well. LPBDEs ranged between 685 and 67,500 ng/g, and
YNBFRs ranged between 1460 and 50,010 ng/g in indoor dust from e-waste sites, with BDE-
209 and DBDPE the major BFRs. DBDPE was predominant (nd—16,000 ng/g) followed by
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BEH-TEBP (nd—1600), BTBPE (0.2-220 ng/g) and EH-TBB (nd —6300 ng/g) [77]. In addition
to the mentioned studies, Table 3 summarises concentrations of PBDEs and NBFRs in air,
water, sediment, soil, indoor dust and human tissues from different countries around the
world.

3. Conclusion

Depending on their physiochemical properties, PBDEs and NBFRs show diverse behaviour in
various environmental media and the possibility of human exposure. Low molecular weight
compounds (less brominated degree) possess lower vapour pressures and higher log K. This
implies a high tendency of such chemicals to the gas phase of indoor air and consequently the
exposure will occur via inhalation pathway. On the other hand, water solubility and octanol/
water partition coefficient (K,) are important properties to assess the tendency of higher
brominated compounds to organic carbon in sediment, soils, and indoor dust, in which the
main exposure will occur via ingestion. This is different from profiles in biota samples which
are dominated by lower brominated compounds such as BDE-47 and EH-TBB. The highest
levels of PBDEs and NBFRs were reported in US, China and UK indoor dust samples, which
were dominated by BDE-209, DBDPE and BEH-TEBP with a decline in PBDE levels and rise
in NBFRs.
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Abstract

The flame retardant efficiency of polymer nanocomposites is highly dependent on the
dispersion of the nano-fillers within the polymer matrix. In order to control the filler
dispersion, it is very essential to explore the interfacial compatibility between fillers and
matrices, which provides a guide for the flame retardant nanocomposites compound-
ing. In this short review, we mainly focus on the thermoplastic polymers and their
interactions with the surfaces of the flame retardant fillers. Other physical properties
of those nanocomposites such as mechanical properties, gas permeability, rheological
performance and thermal conductivity are also briefly reviewed along with the flame
retardancy, since they are all dispersion related.

Keywords: polymer nanocomposites, filler dispersion, interfacial compatibility,
flame retardancy, mechanical properties

1. Introduction

In past decades, polymeric materials have been extensively used in construction, transporta-
tion, and electronic devices due to the high performance and cost-effectiveness [1]. However,
most of the polymeric materials were intrinsically combustible, which caused the fire haz-
ard. The necessity to improve the flame retardancy of polymeric materials was urgent, so
that people started to incorporate flame retardants into polymers to produce flame retardant
polymer composites. The commercial used flame retardants mainly included endothermic
additives, halogenated additives, phosphorus additives, expandable graphite and melamine
derivatives. However, using a single component flame retardant to make the polymer reach
the desired flame retardant performance required high loading of additives, which can cause
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the deterioration of the mechanical properties of the polymer matrix. In order to enhance the
flame retardant efficiency of additives, synergistic flame retardant systems were developed
[2-6]. These systems contained two or more additives. Some additives were not flame retar-
dant themselves, but can effectively synergize the performance with other flame retardants,
thereby minimizing the total loading of the additives within the polymer matrices. The most
common combinations, such as antimony oxides [7]/halogens [8], metal hydroxides [9-11]/
zinc borate [12], and intumescent phosphates [13, 14] have already been widely used in vari-
ous polymers and successfully commercialized. Recently, people started to use nano-scale
additives to make polymer nanocomposites and expect further enhancement of the flame
retardant performance. The practice of mixing nanoparticles with polymers to make polymer
nanocomposites can be traced back to nineteenth century [15, 16]. Those composite mate-
rials inherited the properties of the nanoparticles and showed significant enhancement in
performance compared to their polymeric matrices. However, the mechanisms for the rein-
forcement of the polymeric matrices by nanoparticles were not adequately understood until
1990s. This rise of polymer nanocomposites research benefitted from the growing availability
of nanoparticles and the emergence of instrumentation to probe the nano-scale structure of
materials [17]. Furthermore, powerful computers allowed for the development of theoretical
models which together with experiments were used to develop the guiding principles for
engineering new nanocomposites with desirable properties. These models highlighted the
critical role of surface and interfacial energies between the fillers and the polymer matrix and
as well as the role particle morphology. Consequently, research of flame retardant polymer
nanocomposites has been widely reported from both academic and industrial laboratories
[18, 19].

In this review, we will mainly focus on the thermoplastic polymer based nanocomposites.
Comparing to the thermoset polymer nanocomposites, thermoplastic polymer nanocompos-
ites are easy to process and formulate in manufacturing, which makes them a very diverse and
manageable composite system. This review describes the mechanisms of interaction between
singular or binary thermoplastic polymer matrices with the commonly used nanoparticles:
montmorillonite clay, graphene, nature nanotubes and fibers. The effect of nanoparticles
influence on flame retardant efficiency was discussed, as well as the change in physical prop-
erties, such as impact resistance, ductility, gas permeability and rheology performance.

2. Singular polymer matrix

2.1. Montmorillonite clays

Montmorillonite is one of the most commonly used fillers in materials application. It could
be dispersed in a polymer matrix to form polymer-clay nanocomposite. Okamoto et al.
have shown that the organically modified montmorillonite clay could improve the thermal
mechanical and gas barrier effect of poly (lactic acid) (PLA) [20]. By using wide-angle X-ray
diffraction and transmission electron microscopy, they found that with the differences in clay
modification, four different types of clay-polymer morphology were formed: intercalated,
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intercalated-and-flocculated, exfoliated and coexistence of intercalated and exfoliated. The
intercalated structure achieved great mechanical property improvement, and the near exfoli-
ated composite has the highest gas barrier effect. However, the mechanism of the surface
interaction was not well developed. Also, to improve the degree of exfoliation of clay platelets,
cation exchange with quaternary ammonium chloride salts was commonly used for clay mod-
ification. The development of this method was held back due to the toxicity of these salts [21].

Recently, Guo et al. developed a much efficient way to determine the affinity between large
aspect ratio nanoparticles and the polymer matrix by simply measuring the Young’s contact
angle [22]. The relative affinity between PLA and Closite Na* clay/Closite 30B (C-30B) clay
were studied. They also used resorcinol di(phenyl phosphate) (RDP) adsorption to modify
the Closite Na* clay (C-Na*), which has been proven to perform better than using organo-
clays alone in conventional polymer systems [23]. The chemical formula of RDP is shown in
Figure 1. With the nonpolar moieties of phenol groups and polar moieties of phosphoric acids
groups, RDP could be used as a surfactant [24]. It has also been proven to react with polymers
at high temperatures to form chars, which renders its ability to work as a flame retardant
additive [25, 26]. In this research, a monolayer of these clay particles were formed on Si wafer
using Langmuir-Blodgett (LB) technique. A 5 mg PLA pellet was melted on top of each clay
monolayer and the Young's contact angles at the polymer/clay surface/air interface were mea-
sured. The procedure is illustrated in Figure 2. Then with the combination of the interfacial
energy equation and the equation for work of adhesion (W), the relationship between W, and
Young's contact angle (A) was developed as below:

W = y(1+cosA)

wherey, is the surface tension of liquid phase, which is PLA in this case. By substituting the
measured contact angle and calculate the individual W, between PLA and each clay (listed
in Figure 2), they found that comparing to the original MMT clay C-Na*, the synthesized
C-30B clay and the C-RDP clay were more compatible to the PLA matrix. Further small angle
scattering (SAXS) and TEM results, shown in Figure 3, confirmed that there is no change
on the interlayer spacing of C-Na* clay and they formed tactoids inside the polymer matrix.

O
0—? O O—-
O

O-1=0
- 0

n=1-7

Figure 1. The chemical formula of RDP.
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Figure 2. An illustration of creating monolayer of nanoparticle by LB technique, and a list of measure contact angle of
PLA on each type of clay with calculated work of adhesion. Adapted from Ref. [22]. Copyright (2018) with permission
from Elsevier.
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Figure 3. TEM imaging and X-ray pattern of PLA/clay composites: (a) TEM images of PLA/C-Na* blend (PCNab5),
PLA/C-RDP blend (PCRDP5) and PLA/C-30B blend (PC30B5); (b) small angle X-ray scattering patterns of pure PLA and
composites with clays. Adapted from Ref. [22]. Copyright (2018) with permission from Elsevier.
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The interlayer spacing for C-RDP increased from 2.04 to 3.65 nm, which indicates the poly-
mer chains intercalated with the clay platelets. In the case for C-30B, the SAXS pattern only
showed a weak secondary (002) peak which proved that the C-30B platelets were exfoliated.
These results are in good agreement with the previous W, measurement, which concludes
that the work of adhesion between the clay platelets and polymer needs to increase to achieve
particle exfoliation inside polymer matrix.

Since C-30B are mostly exfoliated in the PLA matrix, Guo et al. continued to study its possible
effect on improving the performance of flame retardant agent [4]. As a biodegradable polymeric
material with good mechanical and processing properties, PLA has been extensively studied
over recent years and has been used as a substitution for conventional polymers [27, 28]. In
order to expand its usage into electron devices and automobile industry, the high flammabil-
ity of PLA must be resolved. Melamine polyphosphate (MPP) was used in this study, which
is a halogen-free flame retardant agent [29]. When used alone, 28 wt.% of MPP is needed to
achieve the VO grade in UL-94 vertical burning test. TEM images in Figure 4(a) showed that
the MPP formed droplet shaped domains with a diameter around 500 nm. According to Araki
et al., when large aspect ratio particles were used to compatible a binary system, the domain
size is controlled by balancing between the reduction of system enthalpy and the increase of
bending energy due to particle curvature [30], and the minimum domain size should be simi-
lar to the radius of particle platelets. When 1 wt.% of C-30B is added to the system, the MPP
were better dispersed and the domain size were reduced to around 150 nm, which is similar
to the radius of C-30B platelets. And only 17 wt.% of MPP is needed to obtain the VO grade, as

PLAMPP FLMHPP!]CSI}BT PLAMPP2ZC30B -
r -- “ " ' h
f ; “‘ . . T

”.i;‘*

(b)

Figure 4. TEM and SEM images of PLA/MPP/C-30B blends: (a) TEM images taken on cross-sections of PLA composites;
(b) SEM images on the char residue after cone calorimetry test. Adapted from Ref. [4]. Copyright (2018) with permission
from Elsevier.
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Sample Avg. heat release rate Peak heat release rate Total heat release (M]/m?)
(KW/m?) (kW/m?)

100PLA 6-1120 1.1-29.0 80-920

PLA/MPP 117.5 12.6 359

PLA/MPP/1C-30B 239.7 17.3 441

PLA/MPP/2C-30B 133.3 13.4 348

Table 1. Cone calorimetry results of PLA/MPP/C-30B blends. Adapted from Ref. [4]. Copyright (2018) with permission
from Elsevier.

oppose to the previous 28%. However, further increase C-30B concentration to 2% resulted in
enlarged and elongated MPP domain, which is to reduce the energy penalty brought by bend-
ing clay particles. And C-30B starts to form aggregates on the elongated MPP domain surface,
which blocked the contact of polyphosphate to the PLA molecules. In the cone calorimetry test
(listed in Table 1), the better dispersed MPP/1%C-30B system has lower average heat release
rate (aHRR), peak heat release rate (pHRR) and total heat release (THR) than MPP with 2%
C-30B. Examination of char residue also agree with this result. Intumescent char layers were
found for both samples with only MPP and MPP/1% C-30B. As shown in Figure 4(b), the char
layer of sample with only MPP is continuous and has a winkled structure due to the gas inflat-
ing during heating and releasing after cooling. Similar winkled structure was found on the char
layer of sample containing MPP/1% C-30B, where the winkle was formed by dense polymer/
clay aggregates. In contrast, the char layer of sample with MPP/2% C-30B was loose and pow-
dery, which is composed of large polymer/clay agglomerates and has numerous micro-cracks.
This result confirmed their theory that when clay platelets were exfoliated and act as a disper-
sant, the MPP is better dispersed which could increase the flame retardant efficiency. The exfoli-
ated clay platelets also provide large surface area to interact with both polymer chain and MPP,
improving the formation of the intumescent char. Yet the window of improvement is limited
because further increasing clay content would result in clay aggregating on the polymer/FR
interface and harming the FR performance.

2.2. Graphene

Having a similar platelet structure to clay, graphene is also a large aspect ratio nanoparticle
and has gained great attention in many research areas due to its superior thermal conductiv-
ity, heat sink effect and great mechanical performance [31-33]. Given the large surface area
and heat adsorption of graphene, Xue et al. developed a three component flame retardant
ethylene vinyl acetate (EVA) composite as a replacement of polyvinyl chloride (PVC) for
cable sheathing [6]. The three component FR system consists of aluminum hydroxide (ATH),
molybdenum disulfide (MoS,) and graphene nanoplatelets (GNPs). When ATH was used
alone, it could absorb heat and release water vapor during combustion, which could dilute
the oxygen surround the sample surface. However, due to the poor compatibility between
ATH and EVA, ATH would form large aggregates in the polymer matrix, which decreased the
interfacial area for ATH to react and therefore decreasing its efficiency, as shown in the TEM
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(b)

Figure 5. (a) TEM images taken on cross-sections of EVA based composites; (b) SEM and EDS mapping of EVA based
composites. Annotations of abbreviations used: A—ATH, M—MoS, G—GNPs and numbers stands for weight ratio.
Adapted from Ref. [6]. Copyright (2018) with permission from Elsevier.

images in Figure 5(a). As a result, 50-60 wt.% of ATH is needed to achieve the VO grade in
UL-94 test, which will greatly decrease the ductility of EVA. When substituting 2 wt.% of ATH
to MoS,, the PHRR was reduced but a sharp peak is still observed on the heat release curve, as
seen in Figure 6. This is because MoS, have formed tactoids in EVA matrix, which decreased
their surface area and reducing its ability to form protective char layer. On the other hand,
when further substituting 2 wt.% of ATH to GNPs, a better dispersion was observed for both
ATH and MoS, and the heat release curve was flattened. TEM images showed that the domain
size of ATH is greatly reduced and EDS mapping (Figure 5(b)) showed that MoS, was par-
tially exfoliated. This is contributed to the large surface area of graphene platelets, which
could react at the polymer/filler interface and reducing the interfacial tension. Thus, as shown
in Scheme 1, when the EVA composite with the three-component FR system was subject to
high heat flux or flame, the ATH has a higher efficiency on absorbing heat and releasing water
vapor due to the improved dispersion. The exfoliated MoS, and GNPs will form protective
char layer on the sample surface, which could reduce the peak heat release rate and flatten
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Figure 6. Cone calorimetry results of EVA composites. Reproduced from Ref. [6]. Copyright (2018) with permission from
Elsevier.
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Scheme 1. The decomposition process of EVA/ATH/MoS,/GNPs composite Adapted from Ref. [6]. Copyright (2018)
with permission from Elsevier.

the heat release curve. The GNPs will start to decompose at around 635°C, but the MoS, layer
will continue to control the heat release. As a result, this EVA-ATH-MoS,-GNPs composite
has a PHRR of 377 kW/m?, which is a huge reduction comparing to that of pure EVA, which
is 1815 kW/m?.

2.3. Natural nanotubes and fibers

Nanotubes such as carbon nanotube, Halloysite nanotube (HNTs), and cellulose fibers have
gained increasing attentions in recent years to replace filler that have high environmental per-
sistence [34-36]. They could also render the polymer composite to have increased mechanical
properties [37]. When applied in the flame retardant composites, surface modification is com-
monly used to increase the flame retardancy. As previous mentioned, resorcinol bis (diphenyl
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PLA PLARDP PLAICF PLA/CF-RDP

NG

“Cold drips"
Scheme 2. An illustration of the UL-94 test process of PLA based composites. CF stands for cellulose fiber. Adapted from
Ref. [5]. Copyright (2018) with permission from Elsevier.

phosphate) (RDP) is a liquid form flame retardant, which could be adsorbed on to fillers with
hydroxyl groups. In the previously mentioned study [22], Guo et al. have also compared the
change of work of adhesion between PLA and HNTs, with and without the RDP coating.
They found that RDP coated HNTs had a higher work of adhesion to PLA than pure HNTs,
which indicated that PLA wetted the RDP coating, and RDP could successfully improve the
dispersion of HNTs. Thus, they used the same methodology to develop a new flame retardant
PLA composite using RDP coated cellulose [5]. When subjected to flame, pure PLA burns
easily with heavy dripping that could ignite the cotton on the bottom in a UL-94 test. An
illustration of the burning proves is shown in Scheme 2. When 2 wt.% of RDP is added to the
polymer, the sample could self-extinguish in 2 s, but it also induced heavy dripping due to the
fact that RDP is also a liquid plasticizer. When 6 wt.% cellulose was used alone, the dripping
was greatly reduced but the sample kept on burning for more than 30 s. Although neither
RDP nor cellulose could make the composite pass the VO criteria, they could significantly
improve one of the factors that would lead to VO grade. Naturally, the idea of combining the
two occurred and the addition of only 8 wt.% RDP coated cellulose (CF-RDP) is needed for

Cellulose Fibers (CF} CF-RDP

{a)

Figure 7. SEM image and FTIR spectra of cellulose fibers: (a) SEM images taken on neat cellulose fiber with and without
RDP coating; (b) FTIR spectra of neat cellulose fiber and RDP-cellulose before and after 10s burning. Adapted from Ref.
[5]. Copyright (2018) with permission from Elsevier.

49


http://dx.doi.org/10.5772/intechopen.79548

50

Flame Retardants

the PLA composite to self-extinguish in 2 s and only slight dripping was observed, which is
also relatively cold and did not ignite the cotton on the bottom. Further SEM imaging and
FTIR tests showed that RDP completely wets the cellulose surface though the hydrogen bond
between RDP and cellulose, as shown in Figure 7. Cellulose also immobilized RDP which
help retained its ability of plasticizing and surface blooming. When PLA/CF-RDP decom-
poses during combustion, CF-RDP will dehydrate, where it releases water vapor and lower
the temperature by absorbing heat. The dehydration of CE-RDP is confirmed by the intensity
reduction of the H-bonding on the FTIR spectra.

3. Binary polymer system

Melt blending two different polymers together is one of the simplest way to produce a new
material with combined properties. Yet most polymers tend to phase separate due to the large
unfavorable enthalpy [38-40]. Although the block or graft copolymers could easily solve the
problem, the synthesizing procedure is often system specific and expensive for industrial appli-
cations [41]. Thus, research on numerous possible compatibilizers have been done over several
decades [42-45]. As briefly mentioned before, Araki et al. have developed a theory for explain-
ing the effect of clay in compatibilizing polymer blends [30]. Two types of polymer blends
were studied: polystyrene/poly(methyl methacrylate) (PS/PMMA) blend stands for when only
one polymer has a favorable interaction with clay; polycarbonate/poly(styrene-co-acrylonitrile)
(PC/SAN) blend stands for when both polymers have similar affinity to clay platelets. In both
situations, the organoclays have successfully reduced the domain size and phase separation,
and the clay platelets appeared to be adsorbed onto the polymer interface and aligned following
the contour of the domain. The compatibilizing effect would generally increase with increasing
clay concentration. When the domain size is reduced with better compatibility, more interface
area is created to contain the increased clay content. However, the clay platelets would start
to bend when the domain size is smaller than the clay radius. This would result in increasing
the bending energy, as opposed to reducing the system free energy. Thus, the compatibilizing
effect of clay could only work to the extend where the minimum domain size is reached. And
the minimum domain size is approximately equal to the linear dimension of the filler.

strmruiama;mfc-zm' :
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Figure 8. TEM images taken on cross-sections of PS/PMMA composites. Adapted from Ref. [2]. Copyright (2018) with
permission from Elsevier.



Flame Retardant Polymer Nanocomposites and Interfaces
http://dx.doi.org/10.5772/intechopen.79548

Based on this theory, Park et al. studied the effect of clay’s effect on improving flame retardant
efficiency in binary polymer systems [2]. For the PS/PMMA/Microfine AO, (AO)/decabromo-
diphenyl ether (DB) blend, addition of Cloisite 20A clay (C-20A) could significantly improve
the dispersion of DB and AO, shown in Figure 8, which result in passing the UL-94 V0 grade.
C-20A clay was exfoliated in the polymer blend, and the FR agents were attached to the
clay surface. Hence, the dispersion of FR agent was also improved and resulted in higher
FR efficiency. However, for PC/SAN/DB/AO blend, adding C-20A did not enhance the flame
retardant performance. They argue that for this blend, the attraction between clay and FR
agent is larger than that between clay and the polymer blend. Thus clay has a lower degree of
exfoliation and did not enhance the FR agent’s dispersion. Later on, they have also discussed
the effect of RDP coating [23]. RDP coated clay was added to both PS/PMMA blend and PC/
SAN24 blend and two different morphologies were observed. The RDP coated clay would seg-
regate in the PMMA domain in PS/PMMA blend, whereas it was segregated on the polymer
interface in PC/SAC24 blend. This difference is attributed to the interfacial tension difference
between RDP with each polymer component, and the interfacial tension of the polymer inter-
face. In PS/PMMA blend, the interfacial tensile of RDP/PS and RDP/PMMA were both larger
than that of PS/PMMA interface. In this case, the addition of RDP-clay could not reduce the
overall interfacial energy. As a contrast, the interfacial energy of PC/SAN24 interface is higher
than that of PC/RDP-clay. Hence, the system interfacial energy would decrease with RDP-clay
segregated on the PC/SAN24 interface. Further examination on the flammability of PC/SAN24
blend with RDP-clay also showed that during combustion, the RDP-clay worked against the
phase separation and stabilized the polymer blend. RDP helped reducing the brittleness of the
protective char layer, which in turn reduced the heat release rate and mass loss rate.

4. Physical properties

4.1. Impact resistance

It was well known that for singular polymer matrix, the particle size and particle/polymer sur-
face interaction have a great influence on the composite’s mechanical properties [46]. By com-
paring between C-Na*, C-RDP clay and C-30B clay, Guo et al. [22] concludes that the mechanical
properties, such as impact strength and tensile strength, will decrease with increasing degree of
exfoliation of the clay particles. This is due to the fact that the magnitude of the internal stress,
which generated at the tip of the particle and could form micro-cracks, is in direct proportion to
the particle aspect ratio. Given that the aspect ratio of exfoliated clay platelets could be several
magnitudes larger than that of clay tactoids, it is easier for the micro-cracks to enlarge and
propagate under external stress in the exfoliated polymer/clay blend. Moreover, a similar result
was also found in binary polymer blends with clay [47]. When C-Na*, C-RDP clay and C-30B
clay were added to a biodegradable PLA/poly(butylene adipate-co-butylene terephthalate)
(PBAT) blend, C-30B performs best in reducing the domain size and increasing compatibility
between two polymers, as can be seen in Figure 9. However, the PLA/PBAT blend with clays
showed a rapid and huge reduction on the impact strength even with low clay concentration,
as seen in Figure 10. This phenomenon is explained by the theory that the clay platelets formed
a strong barrier at the polymer interface, which blocked inter-diffusion between two polymers,
and as a consequence, the two polymer phases were easily separated under stress.
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Figure 9. TEM images taken on cross-sections of PLA/PBAT based composites: (Blend) PLA/PBAT; (BCNa5) PLA/
PBAT/5 wt.% of C-Na* (BCRDP5) PLA/PBAT/5 wt.% of C-RDP; (BH5) PLA/PBAT/5 wt.% of HNTs; (BHRDP5) PLA/
PBAT/5 wt.% of H-RDP; (BHRDP15) PLA/PBAT/15 wt.% of H-RDP. Adapted with permission from Ref. [47]. Copyright
(2018) American Chemical Society.
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Figure 10. Impact strength of PLA/PBAT based blends. Adapted with permission from Ref. [47]. Copyright (2018)
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To resolve the problem of the mechanical properties reduction, they discovered that tubular
nanoparticles, such as Hollysite nanotubes, would lie perpendicular to the PLA/PBAT polymer
interface instead of parallel as the clay, shown in Figure 9. Moreover, with this vertical orientation
of HNTs particle, a “stitching” effect was observed where the impact strength first increase with
the increasing HNTs concentration. The difference of particle orientation between nanotubes
and clays is due to the fact that nanotubes are longer and more rigid than clay platelets. Hence,
a much larger bending energy is required for nanotubes to lie along the domain curvature. As
a result, the system energy is lower when nanotubes lie vertical to the polymer interface. In this
way, nanotubes could enhance the interfacial diffusion and reinforce the binary polymer blend.

4.2. Ductility

For polymers that are highly flammable, high loading of flame retardant filler is generally
need to render self-extinguish of the composite [48-50], which will significantly reduce the
ductility of the material, making the composite hard to process. In the previous discussed
three component flame retardant EVA composite [6], EVA/ATH/MoS,/graphene, the total FR
filler loading was reduced from 60 to 40 wt.%, which maintained the elasticity of pure EVA
and increased the tensile modulus and tensile strength to equivalent with that of PVC, as
summarized in Table 2. With careful examination of the individual effect of each component,
they discovered that addition of MoS, to the EVA/ATH blend decreased the tensile modulus,
strength and elongation, while addition of graphene significantly increased these mechanical
properties. In the VO blend containing all three components, the ultimate tensile strength
is even higher than the EVA/ATH/graphene blend, which has the highest tensile modulus
and elongation at break. This is achieved through the second quasi-elastic response, which
is an indication of nanoparticles reinforcing the matrix against scission and polymer chain
disentanglement. Thus, the addition of graphene platelets improved the overall FR particle
dispersion which provide a larger surface area for polymer chain absorption, while MoS, did
not have the dispersant effect which lead to reduction of its specific surface area.

Ductility is also an important property which determines the extruding conditions when the
polymers are processed. In particular, the recent popularity of FDM printing requires that
the ductility of the blends needs to be preserved and allow them to be drawn into uniform

Sample Young’s modulus  Tensile Elongation at  Impact UL-94

(MPa) strength (MPa)  break (%) toughness  grade
(J/cmd)
PVC 6-1120 (avg. 38.8)  1.1-29.0 (avg. 80-920 (avg. N.A. V-0
15.6) 308)

EVA/ATH 1175+ 8.6 126+1.1 359 +28 39.3 V-2

EVA/ATH/MoS, 163.5+9.3 14.1+1.0 306 + 26 35.0 V-2

EVA/ATH/GNPs 261.6+15.5 19.7+1.6 455+ 51 72.9 NG

EVA/ATH/MoS,/GNPs 258.4+12.2 215+15 448 +43 70.7 V-0

Table 2. Tensile properties and impact toughness of EVA based blends. Reproduced from Ref. [6]. Copyright (2018) with
permission from Elsevier.
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filaments and withstand further drawing through the printer nozzles [51]. As mentioned in
previous section [4], the addition of C-30B to PLA/MPP successfully improved the dispersion
of MPP which provides a higher flame retardant efficiency. Through comparing the impact
strength, the addition of MPP embrittles the PLA composite, while adding C-30B and MPP
together restored the impact strength to the same level of pure PLA and even slight higher.
Examination of the fracture surface showed that the MPP tactoids would delaminate from
the PLA matrix under impact stress. With C-30B localized at the PLA/MMP interface, the
micro-cracks brought by MPP tactoids were restricted by the rigid C-30B platelets. Therefore,
the impact energy dissipation was improved and the PLA/MPP/C-30B blend was success-
fully drawn into filaments. The printed PLA/MPP/C-30B sample also achieved V0 grade in
the UL-94 test. Figure 11 summarized the comparison of cone calorimetry test result and
mechanical properties between molded and printed PLA/MPP/C-30B sample. The cone calo-
rimetry data of printed sample was similar to the molded one. The impact strength, Young's
modulus, tensile strength and elongation of the printed sample was slightly lower than the
molded sample, but the difference was within one statistical deviation. This is due to the
incomplete fusion between the filaments during printing. Never the less, the printing process
does not have a significant influence on the composite performance.

4.3. Gas permeability

Gas permeability is a very important factor for polymer materials used in packaging. Many
studies have been established that layered particles have a great effect in enhancing the gas
barrier effect [52, 53]. As part of their study on comparing between clay platelets and nano-
tubes, Guo et al. [22] derived individual equations to calculate the oxygen permeability for
blends containing clay or nanotubes:

P 1-2
- @ (for clay) 1)
% = Hln%@g (for nanotubes) )

16

where, P is gas permeability of polymer with particle, and P_is gas permeability of polymer with-
out particle. ¢ is the volume fraction of nanoparticles.« is the aspect ratio of clay platelets. From
the equations we could see that the aspect ratio of platelets particle could directly influence the
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Figure 11. Comparison between molded and 3D printed PLA/MPP/C-30B blend: (a) UL-94 test results; (b) mechanical
properties; (c) cone calorimetry test result. Adapted from Ref. [4]. Copyright (2018) with permission from Elsevier.
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Figure 12. Gas permeability results of PLA based blends: (a) an illustration of oxygen pathway in PLA blends with clay
or nanotubes; (b) comparison between calculated (dotted line) and measured values of gas permeability of PLA/clay
blends; (c) comparison between calculated (dotted line) and measured values of gas permeability of PLA/nanotubes
blends. Adapted from Ref. [22]. Copyright (2018) with permission from Elsevier.

gas permeability, whereas for tubular particles the gas permeability is independent on its dimen-
sion. Figure 12 shows the comparison between the measured gas permeability and the calculated
value, and a scheme of the possible pathway in PLA blends with clay or nanotubes. For clay par-
ticles, when calculating the gas permeability with the dimension of single clay platelets, the calcu-
lated result is higher than the measured result. By back calculating the « value from the measured
gas permeability, the values are equivalent to the aspect ratio of the tactoids, instead of dimension
of the clay platelets. Therefore, the gas permeability of polymer/clay blend is directly affected by
the work of adhesion (W) between the polymer and the clay surface. When W increases, the
clay platelets have a higher degree of exfoliation in the polymer matrix, which result in a smaller
tactoid aspect ratio and produces low gas permeability result. On the other hand, the measured
gas permeability data for polymer/HNTs blend and polymer/H-RDP blend showed only slight
decreasing with increasing nanotubes concentration. This result is in good agreement with the
previous equation. Moreover, there is not much difference between the gas permeability data of
polymer/HNTs and polymer/H-RDP, which is in agreement with the slight difference on their
W.. In conclusion, clay platelets have a higher barrier effect than nanotubes due to their structure
difference, and the barrier effect will increase with increasing degree of exfoliation.

4.4. Thermal conductivity

In addition to its compatibilizing effect and char promotion effect, the high thermal conduc-
tivity of graphene has drawn a great attention as well. Kai et al. melt blended graphene with
polypropylene (PP) [54]. PP blends with carbon black and Cu microparticles, which also have
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Sample Particle concentration (wt.%) Thermal conductivity (W/mK)
PP 100/0 0.23
PP/Cu 80/20 0.29
PP/carbon black 80/20 0.36
PP/GNPs 80/20 0.57
70/30 112
60/40 2.02
50/50 2.31

Table 3. Thermal conductivity of PP based composites. Reproduced from Ref. [55] with open access.

high thermal conductivity, were also prepared. They found that at the same filler loading,
the thermal conductivity of PP/graphene blend is two times higher than that of pure PP,
as seen in Table 3, whereas the addition of carbon black or Cu only slightly increased the
thermal conductivity. This effect is contributed to the large aspect ratio of graphene. The large
surface area of graphene provides a better coupling between polymer chains and graphene.
Comparing to the spherical structure of carbon black and Cu, it is easier for graphene plate-
lets to form an efficient heat transfer path inside the polymer matrix. They also measured
the thermal conductivity of PP/graphene at different graphene loading, and found that the
thermal conductivity increased linearly with graphene concentration up to 50% graphene
loading. Zhang et al. have stated that up to approximately 30 vol.% of filler, the thermal
conductivity will first increase linearly with filler loading due to the increase in the contact
area between filler and the polymer matrix [55]. Then the slop of this linear relationship will
decrease because the filler starts to agglomerate within the polymer matrix and the conduc-
tive pathway was destructed. Thus, the linear relationship found by Kai et al. indicated that
graphene platelets were uniformly distributed in the PP matrix. At 40% graphene loading, the
thermal conductivity of PP/graphene blend is 2.0 W/mK, which is the same with flue gas in a
metal heat exchanger. This result opens up the possibility of PP/graphene blends used in the
application of heat exchanger which is also corrosion resistance and easy to process.

4.5. Rheology

In general, since the addition of fillers will restrict polymer chain movement, they will rein-
force the polymer matrix in the rheological response. The efficiency of the reinforcement is
related to the interaction between the filler and the polymer matrix. Through the comparison
between the G” dependency on frequency of PLA blend with C-Na*, C-RDP and C-30B, Guo
et al. [22] discovered that PLA/C-30B has the lowest slop at low frequency, and it is related
to the fact that C-30B has the highest degree of exfoliation comparing to C-Na* and C-RDP,
shown in Figure 13. PLA blends with HNTs and H-RDP have the similar result to PLA/C-
30B, which indicates the nanotubes are very effective in restrict the polymer chain motion.
Moreover, the PLA/H-RDP blend have a better performance than PLA/HNTs blend, which is
due to the higher affinity (W ) between the PLA and particles induced by RDP coating. When
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Figure 13. Rheology performance of PLA based composites. Adapted from Ref. [22]. Copyright (2018) with permission
from Elsevier.

utilized in flame retardant composites, using RDP alone will decrease the G’, which results
in swelling the polymer chain and reducing the strength, and also caused heavily dripping
during UL-94 test [5]. By adding cellulose to the PLA matrix, the G" was increased at low
frequency, which resulted in prevent deformation and reduce dripping during combustion.
Replacing cellulose by RDP coated cellulose, the G’ further increased slightly showing that
the RDP coating would increase the interaction between the polymer and the cellulose fiber.
Hence, the RDP coated cellulose has a higher efficiency in prevent deformation upon heating
and prevent dripping during combustion.

For binary polymer systems, the morphology of the polymer phase separation and filler loca-
tion play a significant role in the rheological response. In previous section, Guo, et al. [47, 56]
showed that the addition of C-30B and C-RDP could effectively increase the compatibility
between PLA and PBAT, while reducing the impact strength due to the strong barrier effect
at the polymer interface. HNTs and H-RDP were not as effective at reducing the domain size
and increasing the polymer compatibility, but the impact strength was enhanced with the
“stitching” effect of nanotubes. The rheological response of PLA/PBAT blends were plotted in
Figure 14, they found that the G’ of PLA/PBAT/C-30B and PLA/PBAT/C-RDP were both three
magnitudes higher than PLA/PBAT control blend. This is attributed to the strong interaction
between clay platelets and the polymers. However, at higher strain amplitude, both PLA/
PBAT/C-30B and PLA/PBAT/C-RDP sample showed a G’ peak. This is identified as a stick
slip motion caused by polymer chain confinement due to clay platelets blocking the polymer
chain entanglement. On the G’ curve of PLA/PBAT/H-RDP blend, no peak was observed. This
is also attributed to the nanotubes stay perpendicular to the polymer interface, and therefore
the entanglement between two polymers was not affected.
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Figure 14. Rheology response of PLA/PBAT blends with clays or nanotubes. Adapted with permission from Ref. [47].
Copyright (2018) American Chemical Society.

5. Conclusion

We first reviewed the interaction between three widely used nanoparticles and singular poly-
mer matrix. As being reported, the affinity between the nanoparticle and polymer could be
determined by measuring the Young’s contact angle and calculating the work of adhesion (W).
With a higher W, the nanoparticle will generally achieve a higher degree of exfoliation inside
the polymer matrix. In a polymer composite where flame retardant particles tend to form
agglomerates, the high exfoliated nanoparticle could act as a dispersant. They will segregate at
the polymer/FR particle interface and increase the interaction between these two. As a result,
the dispersion of the flame retardant particle is improved, as well as a higher flame retardant
efficiency, which will render the polymer composite pass the VO rating in UL-94 test at a lower
filler content. We also looked at the surface interaction of nanoparticles in binary polymer
systems, they perform in a similar mechanism as in the singular polymer system, where the
dispersion of the flame retardant additive is improved and the phase separation is reduced.
Moreover, the addition of the nanoparticles has a significant influence on the mechanical
properties of the polymer composite. In a singular polymer matrix, when clay platelets were
added, the impact strength will decrease with increasing degree of clay exfoliation, due to the
high magnitude of internal stress created at the tip of exfoliated clay platelets. In binary poly-
mer blends, the addition of clay will also decrease the impact resistance by localizing at the
polymer interface and blocking the polymer chain entanglement across the interface. Tubular
nanoparticle, on the other hand, will lie perpendicular to the polymer interface, which will
enhance the impact and tensile properties by a “stitching” effect. Rheology performance was
affected in the similar way as the impact and tensile properties. Clay has also been proved to
have a higher improvement on the gas barrier effect than tubular particles. Large aspect ratio
particles with high thermal conductivity, such as graphene, could also be used in applications
for developing corrosion-resistant polymer composites for heat exchangers. In sum, the usage
of nanoparticles could greatly increase the flame retardant efficiency by improving the filler
dispersion in the polymer matrix, as well as other physical properties.
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Abstract

Micro- and nano-filler particles have been considered as char-forming flame retardants for
polymers. It has been shown that suitable particles may operate in the condensed phase to
prevent or delay the escape of fuel into the gas phase. Good flame retardancy performance
may be achieved in composites with comparatively low filler loadings. However, many
candidate filler materials, such as rod-like and plate-like carbon allotrope fillers with high
aspect ratio, will effectively enhance the composite’s thermal conductivity, and hence,
may greatly increase heat input into the condensed phase. Moreover, anisotropy in terms
of thermal conductivity must be considered when rod-like and plate-like particles are
aligned, for example as a result of manufacturing processes. The presented study investi-
gates these effects, i.e., thermal conductivity enhancement due to filler addition and
alignment, using a modeling framework based on Monte Carlo simulation that was
developed for predicting effective composite properties considering filler-matrix and
particle-to-particle interfacial effects. A stochastic finite element analysis was performed
to model rod-shaped carbon particles embedded in a polymer matrix. The chosen analysis
is demonstrated to be an effective means for elucidating the effect of filler addition and
alignment on the heat conduction into polymer materials containing fillers as char-
forming flame retardants.

Keywords: filler modified polymer composites, char-forming flame retardants,
thermal conductivity, stochastic finite element analysis, Monte Carlo simulation
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1. Introduction

The advent of engineered nanoparticles with high aspect ratio, such as graphene and carbon
nanotubes (CNT), and their availability in quantities relevant for industrial production, has
greatly expanded opportunities to modify polymers to meet demanding requirements in a
broad range of applications. Such nano-additives have been shown to improve polymer
mechanical (e.g., stiffness, strength and fracture properties) as well as physical characteristics
(e.g., electrical and thermal conductivity), see e.g., [1-6]. The same holds true in the context of
flame retardancy. Among the three commonly considered flame retardant approaches—i.e.,
gas phase flame retardants, endothermic flame retardants, and char-forming flame retardants
—nanofillers are typically active via the latter mechanism. Nanofillers operate in the polymer
condensed phase where they may provide thermal insulation and a mass transport barrier that
mitigates the release of fuel into the gas phase. Nanocomposites with suitable filler morphol-
ogy and loading were observed to form a coherent filler network layer covering sample
surfaces, which significantly reduced peak heat release and radiant heat flux [7]. In addition
to the char-forming mechanism, nanofillers were found to reduce the melt flow of polymers.
High aspect ratio nano-additives were reported to form jammed network structures causing
melt to behave rheologically like a gel, thus inhibiting dripping of flammable material [8].

While the potential of nano-fillers to enhance flame retardancy through increased barrier
properties impeding heat flux and fuel release, and altered rheological properties inhibiting
flammable drips, has widely been acknowledged in the technical literature, the influence of
filler addition on increased thermal conductivity and thus heat transfer into the polymer still
requires further study [1]. Carbon-based fillers possess thermal conductivities that exceed
those of polymers by several orders of magnitude. For example, thermal conductivity ranging
from 2000 to 5000 W m ™! K™* has been reported for CNT and graphene while values for
typical polymers are between 0.1 and 0.3 W m ™' K" [9, 10]. Assessing and understanding
thermal conduction in nanocomposites with high aspect ratio fillers is particular complex due
to the inherent propensity of filler contact, alignment and agglomeration.

Besides randomly oriented and dispersed particles, polymer nanocomposites with purposely
aligned particulate fillers have been created, which resulted in improved performance in a
variety of applications. Nanocomposites with aligned particles have been used for the design
of sensors [11-13] and high-strength modified polymers that require particle alignment in
order to achieve specific anisotropic properties [14-16]. Carbon nanotubes, as a ‘one-
dimensional” high aspect ratio carbon allotrope, are especially suited to create nanocomposites
with anisotropic properties, e.g., in terms of heat transfer properties [17-22].

Determining the mechanical and physical properties using experimental methods is typically a
time-consuming and costly approach. Analytical methods, on the other hand, are highly
efficient for predicting effective material properties of particulate composites [23]. However,
analytical methods lack accuracy when predicting properties, especially for higher filler vol-
ume fraction modified polymers. Considering these limitations, and in light of a rapidly
growing number of applications involving particulate composites, experimental and analytical
approaches are not sufficient to address the demands imposed by a vast field of available filler
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materials and fabrication parameters. Hence, alternative methods for assessing and designing
filler modified composites need to be developed [24-26].

Stochastic analysis is one of the most reliable and recognized methods for analyzing complex
problems involving many input and output parameters in the field of reliability analysis. This
method can predict accurate outcomes using statistical principles. Stochastic analysis can be
used in a variety of applications, e.g., financial forecasting and modeling, where numerous
input and output variables need to be considered. Recently, a numerical modeling framework
was developed based stochastic analysis to simulate the effective material properties of filler
modified composites [27]. Specifically, a stochastic finite element analysis (SFEA) approach
was employed that enabled the prediction of the effective thermal conductivity of randomly
distributed and disperses spherical particles embedded in a polymer matrix. In the present
contribution, aforementioned SFEA approach was adopted to predict the effective thermal
conductivity of a polymer matrix containing randomly oriented or aligned rod-shaped filler
particles. The particle geometry was adapted to mimic CNT. The study described herein
investigates the effect of filler addition and alignment on heat transfer into polymer composites
in the context of fire-retardant materials.

2. Stochastic finite element analysis framework

The nature of stochastic analysis, and thus the presented modeling approach, requires
performing numerous iterations in order to calculate the effective thermal conductivity of a
polymer matrix containing a rod-shaped filler. The SFEA algorithm described in [27] was
adopted and employed for the present study. This algorithm provides a framework for
connecting a customized stochastic analysis with a parametric finite element analysis (FEA).
In this manner, the process of applying uncertainty to input variables, and creating and solving
FEA models is automated. The modeling framework, which uses several scripting languages,
is briefly summarized in the present section. The interested reader is referred to [27] for
additional details on the modeling approach. Figure 1 depicts a flowchart outlining the main
domain, i.e., the elemental structure and connections, of the framework’s various modules.
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Figure 1. Stochastic finite element analysis framework [27].
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The main domain was developed in Visual Basic for Applications scripting language (VBA;
Microsoft, Redmond, Washington, USA). Input parameters are provided via the ‘Front End’
module. The set of required input parameters comprises (i) the modeling domain that is
defined by the size of the considered cubic representative volume element (RVE); (ii) a set of
filler volume fractions that are to be analyzed; (iii) the material properties for the filler and
matrix; (iv) the filler particle size distribution; (v) information on boundary effects, i.e.,
particle-to-particle and particle-to-matrix interfacial thermal resistance (ITR) as well as a
threshold gap size that defines direct contact between particles and particles to the RVE
boundary; (vi) details for the FEA mesh generation; and (vii) details regarding the model
output acceptance criteria required for statistical analyses, i.e., standard deviation and vari-
ance. The input parameters are transferred to a database with an appropriate management
system (‘DBMS’), which holds and communicates input and computed data between the
various modules.

The Monte Carlo simulation (MCS) module, also developed using VBA scripting language,
performs two subprocesses, i.e., the random number generator (RNG) and the FEA modeling.
Using the algorithm depicted in Figure 2, the MCS module retrieves needed input parameters
from the database, performs iteratively the SFEA, computes statistical data (standard deviation
and variance) after each iteration, and finally stores results back into the database. The MCS
module repeats the modeling subprocess until the acceptance criteria defined in the database are
satisfied. Once results converge according to the criteria specified, the MCS module determines
the effective thermal conductivity (by calculating an average value). The MCS module repeats
the above processes until all specified filler volume fractions are analyzed.

The RNG module was developed in the numerical computing environment MATLAB
(MathWorks, Natick, Massachusetts, USA), which has pseudorandom number generating
capabilities. This module retrieves the input data defining the RVE size and the particle size
distribution from the database. The RNG module sequentially creates sets of random numbers
for anchor points in Cartesian coordinates as well as vectors required for generating the

r Y
) Modeling Calculate
MT:; i::rrﬂ;mn —;7/ dataset /Lb effective
¥e [spreadsheet) properties

k4

Statistical data
analysis

Exit criterion
satisfied

= . . . e e s

Exit (write data
to DBMS)

Figure 2. Monte Carlo simulation (MCS) module algorithm [27].
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position and orientation of rod-shaped filler particle geometries, respectively. The RNG mod-
ule also performs a collision detection using a geometrical model to avoid particles interfering
with each other as well as with the RVE surfaces. When detecting interference, the RNG rejects
the most recently generated particle. In the geometrical model, the rod-shaped particle geom-
etry is represented by a series of spheres (see Figure 3). The distance between each sphere
associated with the most recent rod-shaped particle and all preexisting sphere geometries in
the RVE, and the RVE boundaries, is evaluated to discern a particle collision. While
representing rod-shaped particles using a series of spheres is only an approximation, it pro-
vides an expedient means for performing the collision detection algorithm. For the analyses
presented herein, as series of 200 spheres was used to represent rod-shaped particles for
interference detection.

The process performed by the RNG module can be controlled to yield both randomly oriented
and aligned rod-shaped particles within the RVE. In the case of aligned particles, constraints
are imposed on the vector indicating particle orientation. As shown in Figure 4, after generat-
ing the set of random numbers for each particle, these data are stored in the database in a
tabulated format for later use by the FEA module. The RNG module iteration is terminated
when the required filler volume fraction is reached.

It should be mentioned that the RNG module also has the ability of creating particles that
conform to a given size distribution (whilst, this feature was not utilized in the present study).
The interested reader is referred to [27] for details on the algorithm that produces particles
obeying a certain size distribution, and the effect that different size-ordered particle addition
has on computational performance.

The FEA module was developed as a fully customizable parametric FEA platform in ANSYS
Workbench (Version 19, ANSYS Inc., Canonsburg, PA, USA) using IronPython scripting lan-
guage, which enabled applying uncertainties to input parameters required for performing the
FEA simulation. This platform consists of a model generation environment, i.e, ANSYS
DesignModeler, and a model solution environment, i.e., ANSYS Mechanical, which enable
creating the parametric geometry and the finite element model, respectively. JAVA scripting
language was used to automate the process of reading input data from the database (i.e., RVE
dimensions and particle anchor points and orientation vectors) and creating particle geome-
tries in the model generation environment. The three-dimensional geometry thus created is
transferred to the model solution environment for further analysis. Similar to the model
generation environment, the model solution environment also uses JAVA scripting language
to automate the FEA process. The model solution environment retrieves further inputs parameters
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Figure 3. Schematic of series of spheres representing rod-shaped particles.
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from the database, including material properties, information on boundary effects and condi-
tions, and mesh generation parameters, and then constructs the finite element model for each
model iteration. After performing the analysis, the FEA results are saved to the database in
tabulated format for further statistical analysis. Figure 5 illustrated the algorithm for the FEA
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Figure 5. FEA module algorithm [27].
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3. Steady-state numerical modeling

The developed SFEA framework was employed to estimate the effective thermal conductivity
under steady-state conditions of filler modified composites with randomly and aligned rod-
shaped particles embedded in a polymer matrix. The rod-shaped particles mimic CNT embed-
ded in epoxy polymer in order to elucidate the effect of filler addition and alignment in the
context of fire-retardant materials. Table 1 shows the CNT longitudinal and lateral thermal
properties and volumetric mass density, which were adopted from [9, 28, 29]. The mean
particle diameter was set to 2.85 nm with a constant particle aspect ratio of 56, i.e., only a
single particle size was utilized in this study to limit the parameter space affecting the results.
The RVE size was set 200 nm.

Since CNT have anisotropic thermal properties it is not possible to define their thermal
conductivity using global coordinates. Hence, an algorithm was developed in JAVA scripting
language that provides dedicated local Cartesian coordinates for each rod-shaped particle. As
depicted in Figure 6, the local coordinates (x,3z) have their origin at one end of a particle with
the x-direction aligning with the particle’s longitudinal axis. For the case of aligned particles
the components describing the vector for each particle’s major axis (x) were constrained to

Material Epoxy CNT
Density [kg m 7] 1250 1600
Thermal conductivity, longitudinal [W m~" K™'] 0.25 3500
Thermal conductivity, lateral [W m 1K 0.25 1.5

Table 1. Volumetric mass density and thermal conductivity of polymer and CNT [9, 28, 29].

Figure 6. Illustration of local coordinate systems for rod-shaped particles.
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remain within upper and lower bounds. For the present analyses, these constraints correspond
to a maximum possible angle of approximately 8.5° between a particle’s major axis (x) and the
global (RVE) X-direction.

Three-dimensional ten-node quadratic tetrahedral thermal solid elements, i.e., SOLID87, were
used to generate the finite element mesh for both the particles and matrix. This element type,
which provides one degree of freedom (temperature), is recommended for meshing irregular
geometries. The latter characteristic is desirable in the present context, given that the rod-
shaped particles constitute geometries that typically are difficult to mesh. As an example,
Figure 7 depicts the meshing generated for the matrix (left-hand side) and randomly distrib-
uted and aligned rod-shaped particles occupying the RVE devoid matrix (right-hand side).

As demonstrated in [27], it is essential to model the ITR between particles and the matrix as
well as between particles that are in contact with each other in order to achieve a model that
realistically captures effective thermal conductivities for different filler loadings. In this study
the particle-to-matrix thermal contact conductance (TCC) was adopted from literature [30-32]
as 10° W m 2 K. Also, the direct particle-to-particle heat transfer threshold was set to
approximately 1 nm. Note that implementing this threshold is necessary since the employed
particle collision algorithm prevents true direct particle-to-particle contact. ITR and particle-
to-particle thermal contact was implemented using three-dimensional 6-node quadratic surface-
to-surface elements, i.e, CONTA174 and TARGE170. For details on the chosen approach to
model contact phenomena the readers is referred to [27].

Thermal boundary conditions were applied to the RVE to perform the stead-state thermal
analysis and calculate effective thermal conductivities. A temperature 22 and 32°C were defined
on opposite sides of the RVE, respectively, with the remaining surfaces considered adiabatic.
Note that for the case of aligned filler particles, the alignment direction is referred to as the

Figure 7. Finite element mesh of matrix (left) and aligned rod-shaped particles occupying the RVE devoid matrix (right).
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Figure 8. Illustration of longitudinal (left) and lateral (right) heat flux between opposing warm and cold RVE surfaces.

longitudinal direction, as opposed to the two lateral directions that are defined in a Cartesian
coordinate system. Three sets of boundary conditions were also applied for randomly distrib-
uted filler particles for determining the effective thermal conductivities along the global Carte-
sian coordinate directions (X,Y,Z), thus enabling the assessment of isotropy. The applied
boundary conditions create a temperature gradient and thus a heat flux between the warm and
cold RVE surfaces, as illustrated in Figure 8. The thermal conductivity of nodes K; located in the
warm surface was determined using Eq. (1).

Qixl
T T, -Ty

K; 1)

where Q); is the calculated numerical total heat flux at the ith node located on the warm side, [ is
the RVE length, and T; and T, correspond the temperature on the warm and cold surface,
respectively. Consequently, Eq. (2) yields the effective thermal conductivity, Keg.

n
1 K;
Keff Zz;ll 1

)

where 7 is total number nodes on the warm surface of the RVE.

4. Results and discussion

The described modeling framework was employed to calculate effective thermal conductivities
of composites with randomly distributed particles that were either aligned or had random
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orientations. The studied filler volume fractions were 2.0, 4.0, 7.5 and 10%. Note that successful
mesh generation becomes challenging for high filler aspect ratios, and hence, the particle
aspect ratio was limited to 56 in the current study. While this value is comparatively low for
CNT it does represent actual (multiwall) CNT structures as indicated in [33]. Moreover, model-
ing filler volume fractions exceeding 10% was found to demand excessive computational
effort, and hence, analyses were limited to 10% filler volume fractions and below. Note that
effective enhancement of flame retardant properties was ascertained in CNT-polymer compos-
ites that were significantly below the set 10% limit, see e.g., [7].

A convergence study was performed for a composite with randomly distributed and aligned
particles at a filler volume fraction of 4.0%. To assess the sensitivity of the computed effective
thermal conductivity to mesh refinement, numerical analyses were performed at different
levels of mesh refinement. The results are depicted in Figure 9. It was observed that changing
mesh density from ~266,000 nodes to ~376,000 nodes created a change in the effective thermal
conductivity result of only less than 3.5%. Consequently, in order to maintain computational
efforts within reasonable bounds, mesh generation was controlled to remain below 400,000
nodes.

Figure 10 shows an example of a model with randomly distributed and randomly oriented
particles. Ideally, particle spacial distributions for this case should result in isotropic thermal
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Figure 9. Convergence study for composites with 4% filler volume fraction.
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Figure 10. Example of randomly distributed and randomly oriented filler particles.

conductivity properties. To further investigate this hypothesis, a study was performed in
which effective thermal conductivities were computed along the global RVE directions, i.e.,
X,Y,Z coordinates. This analysis was completed for the chosen set of filler volume fractions
(2.0, 4.0, 7.5 and 10%). Corresponding effective thermal conductivity results for a single model
are included in Table 2. The given data indicates that thermal conductivity values were

Filler volume fraction [%] 2.0% 4.0% 7.5% 10%
Thermal conductivity, X 0.556 0.781 1.08 1.29
WmK™
Thermal conductivity, Y 0.525 0.676 1.14 1.26
[Wm K™
Thermal conductivity, Z 0.525 0.778 1.13 1.14
WmK™
Average thermal conductivity 0.536 0.745 1.12 1.23
[Wm™ K™

Table 2. Average and directional thermal conductivities of composites with randomly distributed and randomly oriented
filler particles.
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essentially isotropic for models with lower filler loading (i.e., 2%) while for increasing filler
volume fractions a mild level of anisotropy was sometimes observed. For that reason, the
average effective thermal conductivity was computed from the three Cartesian coordinate
directions and subsequently used for comparing composites with randomly oriented particles
with aligned filler composites.

As explained previously, the MCS module of the modeling framework performs numerous
iterations for each filler volume fraction and subsequently computes the effective thermal
conductivity and stores these data in the database. The MCS module repeats this process until
specified acceptance criteria are satisfied. For the presented study, the analysis process was
terminated after 100 iterations for each of the set filler volume fractions. (Alternatively, a
threshold for the unbiased standard deviation or variance could be defined as a termination
criterion.) The effective thermal conductivity for a certain filler volume fraction was then
computed from the mean of the results stored in the database. Statistical analyses were also
performed on the data in order to assess the quality of the employed stochastic process. Data
plots for specific volume fractions suggest that data is normally distributed, as shown in Figure 11
by the normalized probability density of effective thermal conductivity data for the direction
lateral to filler alignment in a composite with 4.0% filler volume fraction. Data were computed
for normality tests for each volume fraction, including the data mean, median, skewness and
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Figure 11. Normalized probability density of effective thermal conductivity data for the direction lateral to filler align-
ment and 4.0% filler volume fraction.
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kurtosis. Tables 3 and 4 list corresponding results for the longitudinal and lateral directions of
composites with randomly distributed and aligned particles. These results indicate that the
effective thermal conductivity data obey normal distributions, e.g., mean and median of effective
thermal conductivity results were practically identical (differences are less than 0.04%). Similar to
results presented in [27], appropriate randomness of computed data was thus ascertained. Graphs

Filler volume fraction [%] 2.0 4.0 7.5 10.0
Number of iterations 100 100 100 100

/1

Mean value 0.775 1.027 1.318 1.489
Wm K™

Median value 0.774 1.031 1.325 1.486
Wm™'K™

Standard deviation 0.019 0.032 0.037 0.038
Wm™K™

Variance 37 x107* 1.0 x 1073 13x 1073 14 x 1073
Wm K™

Skewness 1.197 —0.159 —0.672 0.083
/1

Kurtosis —0.079 —0.539 0.607 0.128
(/]

95% confidence value 0.0038 0.0064 0.0073 0.0076
Wm 1K™

Table 3. Results for longitudinal effective thermal conductivity and statistical analyses.

Filler volume fraction [%] 2.0 4.0 7.5 10.0
Number of iterations 100 100 100 100

/1

Mean value 0.262 0.276 0.306 0.332
WmK

Median value 0.262 0.276 0.306 0.331
Wm K™

Standard deviation 0.001 0.001 0.003 0.004
Wm'K™

Variance 1.6 x 107° 2.6 x107° 9.4 x10°° 23 x107°
Wm™' K™

Skewness [/] —0.819 —0.267 —0.180 0.216
Kurtosis [/] 2.410 0.031 -0.124 0.344
95% confidence value 0.0002 0.0003 0.0006 0.0009
Wm K]

Table 4. Results for lateral effective thermal conductivity and statistical analyses.
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showing normally distributed effective thermal conductivity data for the chosen filler volume
fractions are plotted for the longitudinal and lateral case in Figures 12 and 13, respectively.

The effective thermal conductivity data calculated by SFEA framework can be considered
continuous random variables, and hence, it is recommended to calculate the probability of
occurrence of an explicit effective thermal conductivity within an identified interval. This
calculation can be performed using Eq. (3).

b
P(a<X <b) = J f)dx 3)

a

where P is the probability of an event of explicit effective thermal conductivity within the interval
a and b; X and f(x) are correspondingly a continuous random variable and the probability
distribution function. A cumulative distribution function (CDF) can be computed from Eq. (3)
for each of the selected filler volume fractions. Corresponding CDF graphs are depicted in
Figures 14 and 15 for the longitudinal and lateral cases of aligned filler composites, respectively.

Finally, the modeling approach was used to achieve the objective of the study, that is, assessing
the effect of filler addition and alignment on heat transfer into polymer composites in the context
of fire-retardancy. Figure 16 depicts average effective thermal conductivity results for different
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Figure 12. Normalized probability density of effective thermal conductivity data for the direction of filler alignment and
different filler volume fractions (VF).
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filler volume fractions for the cases of randomly oriented (isotropic) and aligned rod-shaped
particles mimicking CNT. For the aligned filler morphologies, effective thermal conductivity
results are shown for the direction of filler alignment (longitudinal) and the corresponding lateral
direction. Despite the fact that the modeling approach employed generic material properties and
simplifying assumptions for the CNT geometry, the data is in satisfactory agreement with data
published in the technical literature (e.g., [32]). Experimentally characterized CNT-polymer
composites involve a wide range of material properties and fabrication routes. Notwithstanding
these differences, the modeled thermal conductivity in the order of 1.0 W m ™' K™ for isotropic
composites with filler loadings approaching 10% are shown to be realistic.

The relative increase in effective thermal conductivity for the different filler volume fractions is
depicted in the graph in Figure 17 for the cases of randomly oriented (isotropic) and aligned
particles (longitudinal and lateral). These data clearly demonstrate that heat transfer into the
polymer can greatly be reduced when filler particles are aligned parallel to the surface of a
component. For example, while thermal conductivity in an isotropic and aligned filler com-
posite was found to respectively increase almost sixfold and fivefold over the matrix for 10%
filler loading, the lateral thermal conductivity in the aligned filler composite rose only by a
factor of 1.3. In the context of fire-retardancy it can therefore be concluded that aligning CNT
and other high aspect ratio carbon allotrope fillers parallel to the surface of a polymer compo-
nent may provide an effective means for alleviating heat input into the material while enabling
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the desired mass transport barrier for mitigating fuel release into the gas phase, and reduced
peak heat release and radiant heat flux.

5. Conclusions

A stochastic finite element analysis framework was employed to simulate the effective thermal
conductivity of randomly distributed rod-shape particles mimicking carbon nanotubes embed-
ded in a polymer matrix. Particles were either randomly oriented or aligned, creating isotropic or
anisotropic thermal conductivity behavior, respectively. The modeling framework that is based
on Monte Carlo simulation considers filler-matrix and particle-to-particle interfacial effects.

The numerical study indicated that the effective thermal conductivity is greatly enhanced for
aligned filler composites in the alignment direction and isotropic filler modified composites.
However, in the direction lateral to filler alignment the increase in thermal conductivity is only
modest. Therefore, in order to limit heat input into the material, CNT and other high aspect
ratio carbon allotrope fillers may be aligned parallel to the surface of a polymer component. In
this manner, the flame-retardancy effectiveness of filler modified polymer composites can be
improved, while providing a mass transport barrier that lessens the release of fuel into the gas
phase, peak heat release and radiant heat flux, all of which were previously described in the
technical literature.
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