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Abstract

Layered double hydroxides (LDHSs) are nano-layers materials used as fillers for epoxy
resins to enhance fire resistant performance. The LDHs were modified with four
different anions based on organophosphate ester compounds, namely bis-2 ethyl hexyl
phosphate (BEHP), phytate (Phy), glycerophosphate (GP) and diphenyl phosphate
(DPP). All the LDHs were prepared by a co-precipitation method. For the LDHs
synthesis, the decarbonation, pH, aging time and precipitating agent affected the

formation of LDHs.

The layers of the modified LDHs are based on hydroxides of magnesium and
aluminium. For the modification with the BEHP, GP or DPP anions, they intercalated
in the interlayer spaces of LDHs. Meanwhile, the modification of LDH with the Phy
anions resulted in the exfoliation of layers. The water molecules also were adsorbed

on the surface of LDHSs and intercalated among the metal hydroxides layers.

Afterwards, the 1 wt%, 5 wt% and 10 wt% of the pristine LDHs and the modified
LDHs were incorporated into epoxy resins of diglycidyl ether of bisphenol A
(DGEBA) cured with 4,4'-diamino diphenylmethane (DDM) or 4,4'-diamino diphenyl
sulfone (DDS). The LDHs did not influence significantly on the mechanical properties
and the interference with the polymer chains movement. However, they increased the
storage modulus and the loss modulus in the glassy state of the epoxy nanocomposites.
Furthermore, the modified LDHs were able to decrease the thermal decomposition
temperature of epoxy resins. The increase of LDHSs contents contributed to the rise of

char residues.

In the DDM curing system, the loadings of modified LDHSs at 5 wt% were sufficient
for the stop of combustion. Meanwhile, the 5 wt% modified LDHs could delay the
combustion of epoxy resins cured with DDS; however, they were not self-
extinguished. It needed to load the modified LDHs at 10 wt% to provide the survived

epoXy nanocomposites.
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1.1 Introduction

Polymer composites are multi-phase materials combining polymers and reinforcing
fillers. The properties of polymer composite differ from the original polymer. The
general forms of fillers employed for the reinforcement of polymers are fibres and
particles. As the polymer composites possess excellent strength, fatigue resistance,
vibration damping, good chemical resistance and light-weight, they have been
intensively utilised in various applications in industries such as aerospace,
transportation (e.g. car, train and ship) and construction [1]. However, they are low
flame resistance because of the high contents of hydrocarbons in the polymeric chains.
The hydrocarbon chains are easily cleavage by flame, causing rapid burning. The
combustion of polymers can produce an extensive amount of flame, heat and smoke
that results in harm to human health, environment and property [1, 2]. To protect
serious damage resulting from the combustion of polymers, there have been attempts

to enhance the flame retardancy of polymers.

Incorporating flame retardant additives into the polymer is one of the common
methods used extensively to improve fire retardancy since it is not a complicated
fabrication process and a low production cost [3]. Nowadays, there are several kinds
of flame retardant additives such as compounds based on halogen [3, 4], phosphorus
[3, 5], and nitrogen [3, 6], intumescent flame retardants [3, 7], mineral flame
retardants [3, 8] and nano-flame retardants [3, 9]. The five first types of additives are
the traditional flame retardants used for over a century [10]. Meanwhile,

nanocomposites have been researched and developed across five decades [11].

For the first one, the halogenated compounds have been broadly employed as flame
retardants due to the high level of fire retardancy efficiency at the low loading content
and cheap price [12]. However, a considerable volume of smoke and corrosive gas
consisting of halogen elements, e.g. HBr and HCI, are emitted during burning of
halogen flame retardants. These released by-products impact on health and
environmental problems. Therefore, the use of halogenated compounds has been
concerned with the toxicology and the environment [3, 4]. These are crucial reasons
prompting the use of non-halogenated flame retardants in the industries [4].
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In the case of phosphorus and/or nitrogen-based compounds, they have high fire
retardancy efficiency and are non-halogenated flame retardant additives. As there are
many phosphorus compounds utilised as flame retardants, they can dominate in many
industrial applications. On the other hands, some nitrogen compounds have been
employed [5-7]. Another type of flame retardant used widely is a mineral filler. Metal
hydroxides such as magnesium hydroxide and aluminium hydroxide represent mineral
fillers that are the most commonly used type in the industry. The disadvantage of this
flame retardant type is to the significant reduction of strength and toughness. Several
industries have attempted to solve this issue by applying fine fillers, especially nano-

sized particles [8].

In the last decades, layered double hydroxides (LDHSs), two dimensional (2D)
nanoparticles, have been researched rapidly to use as flame retardants fillers. The
structure of LDHs comprises layered di- and trivalent metal cations and anions
interacted in the interlayers [12]. Usually, the most commonly used metal cations are
Mg?* and AI**. Both cations exist in their hydroxide forms, similar to chemical
compounds of mineral flame retardant fillers. For the applications of flame retardants,
the anionic compounds can be categorised into two fundamental groups: inorganic
compounds (e.g. carbonate, nitrate, borate, phosphate and dihydrogen phosphate) and
organic compounds (e.g. dodecyl sulphate, stearate, cyclodextrin, bis(2-ethyl hexyl)

phosphate and phytate).

From the literature on phosphorus flame retardants, the organic compounds containing
phosphate ester groups were recognised as flame retardant additives [13]. Due to the
diversity of compounds and active phosphate ester groups in the chemical structures,
organic compounds containing phosphate esters would be selected to modify the
LDHs structure. Hence, this research is interested in the modification of LDHs with
four types of organophosphate ester compounds: bis(2-ethylhexyl) phosphate
(BEHP), phytate (Ph), glycerophosphate (GP) and diphenyl phosphate (DPP) to
enhance flame retardancy efficiency for polymers. Although the flame retardant
efficiency of the BEHP and Ph-modified LDHSs had been reported in a few polymers,
there was no research on the epoxy resin. Meanwhile, both the GP and DPP were the

novel organophosphate ester compounds used to modify LDHSs. In this research, the
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epoxy resin of bisphenol A diglycidyl ether (DGEBA) was used as the representative

of polymers.

1.2 Aim and Objectives

The reducing flammability of polymer composites with the loading of
organophosphate-modified LDHs has been published in a few articles [14-18].
Although there were studies in various polymers, they had not researched epoxy
resins. This thesis aimed to enhance the flame retardancy efficiency of epoxy resin by
incorporating organophosphate ester-modified LDH fillers.

There were four objectives to achieve the aim of the thesis:

1) To modify LDHs with different compounds containing organophosphate esters.
2) To analyse the characteristics of the crystalline phase, chemical structure, and
thermal decomposition behaviours of synthesised LDHs.

3) To evaluate the flame retardancy efficiency of modified LDHs preparing epoxy
resin nanocomposites

4) To determine the thermal behaviours and flammability of epoxy resin
nanocomposites containing the modified LDHSs, including visual and mechanical

properties.

1.3 Thesis Structure

The dissertation is composed of eight themed chapters. The overview of each chapter

follows.

Chapter 1 introduces the motivation for the enhancement of flame retardancy of
polymers. The representative of polymers used for the study is epoxy resins. Besides,

it provides the aim, practical objectives and thesis outline of the thesis.

Chapter 2 provides general knowledge in the combustion process of polymers,
particularly to epoxy resins. The common flame-retardant fillers used for the
inhibition of combustion in polymers are also described: halogenated flame retardants,
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phosphorus-based flame retardants, nitrogen-based flame retardants, intumescent

flame retardants, mineral flame retardants and nano-flame retardants.

Chapter 3 reviews literature regarding layered double hydroxides (LDHSs), one of the
intensively attractive flame-retardant fillers for polymers. The typical structure,
preparation and characterisation of LDHSs are explained. Then, there are reviews of

flame retardancy mechanism and efficiency of LDHSs in polymer nanocomposites.

Chapter 4 presents the experimental procedures for synthesising unmodified and
organophosphate-modified LDHs and preparing cured epoxy resin/LDHs
nanocomposites. It also describes techniques used for analysing the properties of the
synthesised LDHs and the prepared resin nanocomposites.

Chapter 5 investigates the influence of synthesis parameters on the characteristics of
unmodified and modified LDHs in the first part. The crystalline phases, chemical
structures, and thermal behaviours of the LDHs are also discussed. Then, there are the
presences of particle size of LDHSs in both the before and after a grinding process.
Finally, the structural models of both unmodified and modified LDHSs are speculated

using all the characterised results of the LDHs.

Chapter 6 compares two blending methods for the cured resin/LDHs nanocomposites:
only mechanical stirring and a using of solvent, sonication, and mechanical stirring.
This chapter focuses on resin curing with diamino diphenyl methane (DDM). It also
investigates the effect of unmodified and modified LDHs on the visual, flexural,
dynamic mechanical properties, thermal stability and flammability of the resin/LDHs

nanocomposites.

Similarity, Chapter 7 investigates the effect of unmodified and modified LDHs on the
resin/LDHs nanocomposites properties. In this chapter, however, the resin samples

are cured with 4,4-diamino diphenyl sulfone (DDS)

Chapter 8 concludes the experimental results from the studies and gives suggestions

for future works.
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This chapter describes the fundamental combustion and the thermal degradation of
polymer materials, especially epoxy resins. It also provides various fundamental
techniques used for enhancing the flame retardancy for polymers. One technique
employed significantly is the incorporation of flame retardant fillers to the polymer
matriX. There are several types of compounds employed as flame retardants explained

in this chapter.

2.1 Combustion of Polymers

Polymers are macromolecule materials combining long chains of repeating monomers
with covalent bonds [1]. They consist of mainly carbon and hydrogen, called
hydrocarbons [2]. Each carbon atoms link together to build backbone chains of
polymers. Despite the components of hydrocarbons, some elements such as oxygen,
nitrogen and sulfur can include in the backbone chains. It is well acknowledged that
materials comprising hydrocarbons possess high flammability since they are

combustible elements [1].

The burning reaction with oxygen gas is called combustion. The general combustion
reaction of alkane, which contains the hydrocarbon, produces carbon dioxide, water
and heat. Equation 2.1 shows the basic stochiometric combustion of alkane [3].
Parameters affecting materials' flammability rely on their chemical components,

structural arrangement, and molecular size [2].

2 CHypey + (30+1)0y ——— 20CO, + (20+2)H,0 + Heat (2.1)

In a polymers' thermal degradation process, thermal energy from an ignition source
should be higher than covalent bonding energy in polymer chains to break the bonds
linked between atoms. The cleavage of bonds takes place at the weakest bonds in the
chains. The mechanisms of thermal polymer degradation can be divided into two
types: non-oxidising and oxidising thermal degradations. The former is the thermal
degradation in condition without oxygen. The scission of polymer chains occurs when
the heat of materials increases to pyrolysis temperature (T,) of materials. As a result,

there is a formation of active free-radicals, dehydrogenation or both within polymer
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chains. Equation 2.2 and 2.3 show the representatives of non-oxidising thermal
degradation reactions in polymers with the formation of free-radicals and

dehydrogenation, respectively [4].

R;-CH,-CH,-CH,-R, —5x—> R;-CH=CH, + CH;-R, (2.3)

In contrast, the thermal decomposition process with using oxygen in the air is an
oxidising thermal degradation. The bond scission in polymers with this reaction

promotes many products containing different functional groups such as carboxyl

(-COOH), carbonyl (-CO-) and hydroxyl (-OH). Moreover, free radicals of H  and

OH' have generated the duration of the decomposition process. Theses active radicals

of macromolecules can recombine to build new bonds [4].

The combustion mechanism of polymers occurs through oxidising thermal
degradation. Three significant sources supporting the ignition of any materials are
heat, combustible gas (e.g. oxygen in air), and combustible materials (e.g. polymers).
When thermal energy transmits to polymer substrate by radiation, convection and
conduction, polymer temperature rises gradually to its Tp. In this stage, the polymer
chains are degraded, producing combustible and incombustible gases, vaporising
substances, condensed liquids, and carbonaceous residues. Among the heat flux,
specific heat and thermal conductivity of polymer influence temperature change. The
ignited polymer reacts with the early produced combustible gases and vapours with
oxygen in air. This stage induces a rapid increase of the temperature in the burning
system, leading to combustion. The products generated from the combustion are an
extensive amount of heat, light and smoke. They can be applied in the combustion
process again, contributing to the propagation of burn. The fire propagation depends
on the flammability and supply of polymer and the environment of combusting area
[2, 5]. Figure 2.1 illustrates the simplified diagram of the combustion mechanism in

polymers.

10



Chapter 2 Background

: Light
Heat« - - - - Combustion T igh
X 7y L+ Smoke
1
:
1
Fooooo " Ignition “‘ ““““““““““““ !
' A r =+ Combustible gases - i
1
i - Incombustible gases :——!-
b--mm- ’{ Degradation/Decomposition ‘ ————— i— -+ Vapours ---------- :
| - Smoke
1
! L+ Char
Lo—--- > Polymer Composites
‘ Heating ‘

Figure 2.1 Schematic diagram of polymer combustion mechanism [5].

2.2 Thermal Degradation of Epoxy Resins

Epoxy resin (EP) is a broad term used to refer to pre-polymers containing reactive
epoxy groups. If EP reacts with a curing agent (hardener) at room temperature or
elevated temperature, it will promote three-dimensional networks in the polymer
structure, resulting in thermoset polymer. The temperature in the curing process
depends on the sorts of EPs and curing agents. After the complete curing, it provides
the hardened resin. Hence, the term EP can also be referred to as cured EP [6, 7].

There are two principal types of epoxies, namely glycidyl and non-glycidyl epoxies.
The former is further divided in glycidyl ether, glycidyl ester and glycidyl amine.
Examples of those epoxies are diglycidyl ether of bisphenol A (DGEBA), diglycidyl
phthalate (DP) and tetraglycidyl diamino diphenyl methane (TGDDM), respectively.
The latter is cycloaliphatic epoxies such as dicyclopentadiene dioxide [8, 9]. Figure

2.2 displays the chemical structures of epoxy representatives

11
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Figure 2.2 Chemical configurations of epoxy resins

One of the epoxies, which is most widely used in composites as the matrix, is DGEBA
because of its excellent performance characteristics, e.g., good mechanical properties,
thermal resistance and chemical corrosion. Besides, DGEBA can react with a variety
of curing agents [10]. Hence, this study was concentrating on DGEBA as epoxy

representative for composites.

Production of three-dimensional crosslinked networks in epoxy resins requires curing
agents. There are many types of curing agents, such as compounds based on amines,
anhydrides and phenol-formaldehydes. Most curing agents used for epoxy curing are
amines because they have diverse compounds that provide a wide range of properties
for cured epoxy resins. The existence of primary amine (-NH>) and secondary amine
(-NH-) in curing agents reacts with epoxy groups in resins. Meanwhile, tertiary amine
(-I{I—) did not contain active-hydrogen, thereby, it doesn’t react with the epoxy group.
However, tertiary amine influence as a catalyst for self polymerisation of epoxy
groups [9-11]. Equation 2.4-2.6 show reactions of primary, secondary and tertiary

amines with epoxides, respectively [11].

0 OH
7\
R—NH; + H,C—=CH=CH;-R ——= R=NH- CH;-CH-CH,—R' (2.4)

O R OH
TR . | !
R—NH—R + H,C—CH—CH;—R ——= R—=N— CH;=CH—=CH,—R (2.5)

R o R CH,—R
| P I I
R—N—R + H,C—CH—CH,—B ——= R—N—=R + [(CH,~CH=0 (2.6)

n

12
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Considering the structural characteristics of amine-based curing agents, they can
categorise into three principal groups of amines: aliphatic amines, cycloaliphatic
amines and aromatic amines. For aliphatic amine curing agents, their structures are
based on linear aliphatic chains that can react with epoxies at room temperature.
Meanwhile, cycloaliphatic amine curing agents contain cyclic aliphatic chains that
increase glass transition temperatures and chemical resistance of cured epoxy resins.
In aromatic amine curing agents, the compounds have aromatic groups that increase
glass transition temperature. Epoxy resins cured with aromatic amines are higher
thermal and chemical resistance than that with cycloaliphatic amines [6, 12]. The

representatives of each amine types used as curing agents provide in Figure 2.3.

Aliphatic amines Cycloaliphatic amines Aromatic amines
E NH, H)N NH,
H,N
2 \/\N/\/ \/\NIIE ><:§
H
Triethylene tetraamine i 4,4'-Diamino

Isophoronediamine diphenylmethane

k N, NH, H,N

NN

N NH, |
s

Methylene- <

Diethyllaminopropylamine di(cyclohexylamine) 4,4'-Diamino dipheny!

sulfone

Figure 2.3 Representatives of amine compounds employed as curing agents for epoxy

resins.

Nowadays, many researchers have focused on the thermal decomposition mechanism
of epoxy resins [13-17]. The thermal stability and flammability of epoxy resins
associate with epoxy monomers and hardeners' structure and the crosslink density of
cured epoxy resins [18]. Neiman et al. [13] suggested that the chemical bonds of epoxy
resins broke at high temperature, generating the epoxy and alkyl free-radicals
(Equation 2.7). The epoxy free-radical was isomerised to vinoxy and acetyl radicals,
respectively (Equation 2.8). The produced acetyl radical decomposed to methyl
radical and carbon monoxide (Equation 2.9). For the alkyl radicals, they broke down
to create the formaldehyde and acetaldenyde compounds (Equation 2.10-2.11).
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RO—CHfe~CH=CH; —— ‘CH—CH; + RO—CH;

[
0 K\D

‘CH—CH, ————» 'CH;— (IiH CH{~CO

\O/ 0

CH~CO ——>» CH, + CO +H
RO—CH; ——» 'R+ CH;O

CHfCO + RH ———  CHrGH + R
0

(2.7)

(2.8)

(2.9)
(2.10)

(2.11)

In a case of thermal degradation of DGEBA cured with 4,4'-diamino diphenyl sulfone

(DDS), the nitrogen bonds in the EP was broken in the initial stage of pyrolysis

because the binding energy of the aliphatic carbon-nitrogen (305 kJ/mol) is lower than

that of the aliphatic carbon-oxygen (358 kJ/mol) and the aliphatic carbon-carbon (346

kJ/mol) [15, 19, 20]. Then, there was the random scission of polymeric chains,

promoting the formation of various gaseous products (e.g. sulfur dioxide, phenol,

methylaniline) and bisphenol A. At the higher temperature, char residues, carbon

monoxide and methane are formed. Figure 2.4 illustrates the thermal decomposition

of the EP/DDS [15].

OR
OH

@‘FQO/I\V ~{ S Q\m
}0}1 HO%

OR OR|
0
R—OH 0
w0y y{07 s
—aN—{ ) ? Ni— §
R—OH R /I\ R—OH

/\l

- g H
W%Q}O /jl) CO CH,

Figure 2.4 Thermal combustion of DGEBA/4,4 DDS [15].
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Similarly, Zhang et al. [17] demonstrated that there were the degradation of C-O
bonds in the main chains of the DGEBA and the decomposition of DDS in the initial
process. The consequences of thermal degradation produced the free-radicals and
sulfur dioxide, respectively. This stage is called ignition. After, the scission of bonds
takes place randomly to contribute to the large amounts of active radicals. These
radicals can recombine to build the new crosslinks. Due to the release of many
combustible substances, the rate of degradation reaction grows remarkably,
generating the propagating combustion of the resin. At the termination stage, there
was the formation of char residues resulting from the thermal oxidation. The

mechanism of thermal degradation of DGEBA/DDS is presented in Figure 2.5.

main chain

Scission of the polymeric \

CH,

icci ‘CH T
Random scission and ‘O/\( 2 CH,

I
crosslinking OH .Q_\_Q' LF_QO/\O(H

CH;

Thermal oxidation

Figure 2.5 Thermal decomposition of DGEBA/DDS [17].

2.3 Flame Retardancy Mechanism of Fillers

The combustion cycle can be interrupted by three different mechanisms: heat sink,
gas phase and condense phase. The different flame retardants possess the distinction

in the mechanisms of actions in the prohibition of flame propagation [4, 5, 21].
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2.3.1 Heat Sink Mechanism

The endothermic decomposition of flame retardants can cool substrate of combustible
materials. The examples of flame retardant fillers with this action mode are metal
hydroxides, metal carbonates and metal hydrates. Besides, the decomposition of flame
retardants release of non-flammable gases such as H20O and CO., which dilute the
combustible gas and reduce the temperature of combustion system. The inorganic
residue producing from the decomposition also acts as a physical barrier to inhibit the
transmission of heat and combustible gas through the polymer substrate. These actions

lead to the delay of pyrolysis. [21, 22].

2.3.2 Gas Phase Mechanism

The release of non-flammable gases obtaining from the thermal decomposition of
flame retardants dilutes concentration of combustible gas (e.g. O2) in burning area.
This flame retardancy method is called gas phase mechanism. The fillers with this
flame retardancy mechanism are compounds-based halogen or phosphorus [5, 21, 22].
The dilution of flammable volatile products contributes to reduction of heat transfer
to polymers, leading to the decrease of degradation rate. Thus, the gas phase
mechanism delays combustion of polymers [23].

2.3.3 Condensed Phase Mechanism

The char residues produced from the degradation process have a function of physical
barrier. It can impede the transmission of heat and flammable gases to the burned area.
This phenomenon is a condensed phase mechanism. The examples of flame retardant

fillers acting this mechanism are intumescent and nanocomposites [5, 21].

2.4 Enhancement of Flame Retardancy in Polymers

As polymers have high flammability, many studies and industries have intensively
studied to improve this property. There are three basic methods applied for reducing
the flammability of polymers. The first method is to use high-performance polymers

16
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with inherent flame retardancy such as polyimides, poly(tetrafluoroethylene), and
poly(ether-ether ketone). These polymers possess a degradation temperature over
350°C, which are high heat resistant materials. However, they are high production cost
since their manufacturing process is relatively complicated. Another strategy is
grafting in the backbone or on the surface of polymers with compounds containing
phosphorus (P), nitrogen (N) and/or silicon (Si). The modification, however,
influences the mechanical properties of the obtained polymers. The last technique is
incorporating flame retardants into polymers, which is the most extensive use
enhancing fire retardancy. The advantages of this method are simple operation and
low cost [24, 25]. Therefore, the increase of flame retardancy of polymers in this

thesis focuses solely on incorporating flame retardant additives.

2.5 Types of Flame Retardant Fillers

A variety of additives are used as a fire retardant, namely compounds with the
compositions of halogen, phosphorus and/or nitrogen, intumescents, minerals, and
nanomaterials. This section will explain the characteristics of individual flame

retardants.

2.5.1 Halogenated Flame Retardants

Compounds containing halogen elements are acceptable as flame retardants for
polymers [21]. The efficiency of halogen flame retardants depends on the halogen
elements. Since fluorinated compounds are higher thermal stable than polymers, the
fluorine radicals cannot release at the decomposing temperature of polymers. In
contrast, the thermal stability of iodinated compounds is lower than that of polymers,
that the species of iodine may decompose during polymer processing. From the
decomposition behaviours of both the elements, they have been limited to use in the
applications. For chemicals comprising bromine, they have attracted considerable
attention as flame retardants because the additives can decompose with polymers'
combustion. The examples of brominated flame retardants are
hexabromocyclododecane (HBCD), tetrabromophthalate anhydride (TBPA),
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tetrabromobisphenol-A (TBBPA) and polybrominated diphenyl ether (PBDE). Their

structures are provided in Figure 2.6 [4, 12].

Br
Br
Br ﬁ
Br Br @7 Q
Br
HBCD TBPA TBBPA PBDE

Figure 2.6 Chemical structures of brominated flame retardants.

Many studies explained the fire retardancy mechanism of halogenated additives (RX,
R=alkyl groups and X=halogen elements) incorporated in polymer matrix composite.
The hydrogen halides (HX) released from the thermal decomposition of halogenated
flame retardants can protect the dispersion and dilute flammable gases' concentration.
Afterwards, high-active hydrogen radicals (H) and hydroxyl radicals (OH’),
occurring in the polymer degradation, reacting with the HX molecules (Equation 2.12
and 2.13). This process leads to the formation of non-flammable volatile layer (e.g.
H>0) that can protect the permeation of heat and gases to the combustible surface of
polymers. [4] In this process, the halogen flame retardant presents the gas phase

mechanism.

The next step is an abstraction of hydrogen; the halogen radicals attack the hydrogen
in the polymers. This action contributes to the alkyl radical and hydrogen halide
(Equation 2.14) [4]. The alkyl radical can re-bond to form char, which delays the
transmission of heat, flame and combustible gases to the burning area. This is the
characteristic of condensed mechanism. Meanwhile, the hydrogen halide can be used

in the combustion cycle.

H + HX —= H, + X (2.12)
OH' + HX —= H,0 + X' (2.13)
RH + X* —= R + HX (2.14)
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Although the halogenated compounds have been widely applied as flame retardant
additives for polymers, their disadvantages are releasing enormous amounts of smoke
and corrosive gas such as HBr and HCI during combustion. These products cause
human health and air pollution problems concerned significantly. Thus, halogenated

flame retardants are limited usage in the industries [21, 26].

2.5.2 Phosphorus-based Flame Retardants

One of the halogen-free flame retardants used extensively is phosphorus-based
compounds involving inorganic compounds (e.g. red phosphorus and metal
phosphates), semi-organic compounds (e.g. metal salts of organophosphinic acids and
phosphonium salts) and organic compounds (e.g. phosphinates, phosphonate and
phosphate esters) [18]. The organophosphate-based compounds are the most use of
phosphorus-containing flame retardants [27]. Figure 2.7 presents the chemical
structure representatives of organophosphate compounds.

1 |2 1
Phosphinate  Phosphonate Phosphate ester

Figure 2.7 Structural representatives of the organophosphorus-based compounds used

as flame retardants [27].

Levchik [28] stated that phosphorus flame retardants are more effective with polymers
containing oxygen or nitrogen. Most phosphorus-based compounds provide the
condensed phase mechanism. During the thermal decomposition of phosphorus flame
retardants, phosphoric acid molecules are decomposed significantly and condensed

rapidly. The by-products of the condensation are pyrophosphoric acid and water, as

displayed in Figure 2.8. The former decomposed to high-active species of PO", PO,

and HPO" and they interacted with the radicals of H" and OH'. This process

contributed to char production. The pyrophosphoric acid can accelerate the formation
of crosslinked and carbonaceous residues. Meanwhile, the volatile latter can reduce
the concentration of flammable gas around the combustion area.

19



Chapter 2 Background

O 0] O
Il I Il
2 HO—p—OH —— HO—P—O—pP—OH + H,O

| | |
OH OH OH
Phosphoric acid pyrophosphate
Figure 2.8 Formation of pyrophosphate structure from the condensed phosphoric

acid.

The review of Laoutid et al. [4] reported that the flame retardancy efficiency of
phosphorus compound was five and ten times as high as that of brominated and
chlorinated flame retardants, respectively. The common phosphate-based compounds
applied in polymeric matric composites are red phosphorus (RP), ammonium
polyphosphate (APP), resorcinol bis(diphenyl phosphate) (RDP) and bisphenol A
bis(diphenyl phosphate) (BDP), that their molecular structures can be seen in Figure
2.9.

N
P 0 0 0
. pl 7 [ [ i
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Iy 0 e}
P\ /P\ P\ - - HO“
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RP APP
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@/”j 0 @“W()@

Figure 2.9 Structure of phosphorus flame retardants.

Moreover, the phosphorus compounds have also been used as plasticisers for
polymers, especially phosphate ester-containing compounds (e.g. tributyl phosphate
and triphenyl phosphate) [27]. Besides, the organophosphorus-based flame retardants
can react with polymer chains, providing the structure of three-dimensional networks
in the polymer composites. The study of Mariappan et al. [29] showed that the
phosphate ester groups in the triphenyl phosphate could interact with the hydroxyl
groups in the epoxy resin of DGEBA by the reaction of trans-esterification. The
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crosslinked derivatives of alkyl phenyl phosphite were produced by the reaction,

presenting in Figure 2.10.
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Figure 2.10 Reaction of epoxy resin and triphenyl phosphate [29].

From the above information, phosphorus-based compounds can be widely used as
flame retardants, particularly the organophosphate esters. They can act as plasticisers

and crosslinking agents for polymers.

2.5.3 Nitrogen-based Flame Retardants

The incorporation of nitrogen-based compounds into the polymer matrix is another
alternative used to reduce the flammability of the composites. The fillers do not
provide hazardous gases during thermal combustion [30]. Typically, nitrogen-based
flame retardants can be classified in terms of fire retardancy action into two groups
[31].

The first group is compounds containing either ammonia or melamine. This group's
thermal decomposition can absorb the heat and release non-flammable gases (e.g.
nitrogen and ammonia) [31]. This process is the flame retardancy of heat sink
mechanism. For instance, melamine can sublimate at around 350°C, affecting energy
absorption. The combustion temperature of the polymer, therefore, decreases with the
addition of melamine. At a high temperature, the decomposition of melamine emits
ammonia. The produced gases can dilute combustible gases. Subsequently, there are
the formations of melam, melem and melon in the condensed phase. These actions
diminish the heat in the combusting area [4]. Figure 2.11 displayed the thermal

decomposition of melamine.
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Figure 2.11 Thermal decomposition of melamine [4].

Despite the pure melamine, its salts (e.g. melamine cyanurate, melamine phosphate
and melamine pyrophosphate) are also utilised as flame retardants. The melamine
salts have the same fire retardancy mechanism as the neat melamine. The more

melamine content is, the higher flame retardancy performance is [4].

The other nitrogen-based flame retardants are compounds following condensed phase
mechanism, such as N-alkoxy hindered amines. This type of flame retardants interacts
with the polymer during combustion, accounting for the char formation. The nitrogen
flame retardants are practically combined with phosphorus flame retardants to

increase condensed phase action [31].

2.5.4 Intumescent Flame Retardants

Phenomena of intumescent flame retardants is an expansion of carbonised layer on
the degraded polymer surface during combustion. With the burning of materials
containing intumescent flame retardant, ingredients of intumescent system decompose
leading to formation of carbonaceous char and viscous liquids. The formation of char
residue from the thermal decomposition of intumescent presents the flame retardancy
mechanism of condensed phase. Then, there is a releasing of inert gases trapped in the
viscous liquids. This results in an expansion of materials. The formed char layer plays
a vital role in the thermal insulator leading to reduced heat transformation from the

heat source to the polymer surface [4].

The general components of intumescent flame retardants should consist of acid

source, carbonising agent, and blowing agent. Table 2.1 shows the representatives of
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each intumescent components. If the additives are heated, there is an explosion of acid
at 150°C to 215°C, depending on the acid type. The acidic substances accelerate the
dehydration rate of the carbon source. As a result, char formation increases
significantly. Meanwhile, the blowing agent in the combusting condition emits some
inert gases, inducing polymer expansion and the swelling of carbonised layer [4, 21,
25].

Table 2.1 Representatives of components in intumescent flame retardants [4, 32].

Inorganic acid source Carbonising agent Blowing agent
- Phosphoric acid - Starch - Urea
- Sulfuric acid - Dextrins - Urea-formaldehyde
- Boric acid - Sorbital - Melamine
- Ammonium salts - Char former polymers - Polyamide

- Phosphate of amine and (e.g.Polyamide,
amide (e.g. melamine polycarbonate
phosphate

- Organophosphate
compounds (e.g.
tricresyl phosphate

2.5.5 Mineral Flame Retardants

Another traditional flame retardants are mineral additives, including metal
hydroxides, metal carbonates hydroxides and metal oxides. These additives can
provide endothermic energy during the combustion, which is the characteristic of
heat-sink mechanism. Besides, the gradation of mineral fillers generates the char and
gases, presenting the characteristics of gas phase and condensed phase mechanism,
respectively. [4, 21]

The The primary metal hydroxides used extensively to enhance the fire retardancy of
polymers are aluminium trihydroxide (ATH, AI(OH)3) and magnesium dihydroxide
(MDH, Mg(OH).). For the decomposition of ATH, alumina (Al.O3) and water vapour
are produced at the temperature of 180°C to 200°C. The alumina acts as a thermal
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insulating barrier, while the water molecule can dilute the flammable gases and
induces the formation of a protective gas layer. Despite the produced chemicals, the
thermal degradation of ATH also absorbs heat the surrounding. This can cool the
temperature of combustion system. Likewise, the thermal degradation of MDH at
300°C to 340°C promotes magnesium oxide (MgO) and volatile water formation. The
fire retardancy mechanism of MDH is similar to ATH. [4, 21] The endothermic

reactions of both metal hydroxides are shown in Equation 2.15-2.16.

2AI(OH); ——— Al,0; + 3H,0 (1050 kl/kg) (2.15)

2Mg(OH); ——— 2MgO + 2H,0 (1300 kl’kg) (2.16)

In the case of metal carbonate hydroxide, the example of this type is hydromagnesite
(4MgCO3-Mg(OH).-4H20) used frequently as a flame retardant additive. It attributes
the production of magnesium hydroxy carbonate, magnesium carbonate, water and
carbon dioxide, and the endothermic energy around 800 kJ/kg during the combustion
at 200-500°C, as presented in Equation 2.17-2.19 [4, 21].

4MgCO;"Mg(OH),"4H,0 —— 4MgCOyMg(OH), + 4H,0 (2.17)
4AMgCOyMg(OH); ——  4MgCOy;MeO + H,0 (2.18)
4MgCO;Mg0 ——  5MgO + 4CO, (800 kJ/ke) (2.19)

For the metal oxides, borate compounds (e.g. 2Zn0O-3B.03-3.5H20) are interesting to
use as flame retardants for polymers. The boric acid, boron oxide and water molecules
are formed after their thermal decomposition between 290°C and 450°C. The
produced boron oxide acts as a layered physical barrier. Moreover, the formation of
the carbonised layer in the combustion process increases dramatically with the
formation of boric acid. During the combustion, there is energy absorption at 503
kJ/kg. Hence, the burning of the polymer is interrupted by incorporating the inorganic
fillers [4, 21].

Although the advantages of mineral additives are low emission of smoke and toxic
gases and inexpensive cost, they are low-performance flame retardancy. They can
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delay the burning, but they cannot completely stop the combustion. To achieve the
high efficiency of flame retardancy, it is necessary to use the high loading of the
additives over 50-70%. However, the high loading of the fillers affects the decrease
of polymer composite mechanical properties [21].

2.5.6 Nano-flame Retardants

Another alternative type of flame retardant is nanomaterials, which are substances
with the dimension of 1-100 nm. The typical nanostructure can be categorised into
three types, following by the dimension: zero-, one- and two-dimensional structures.
The zero-dimensional nanostructure (0OD) is a particulate material or spherical
nanoparticles. The one-dimensional nanostructure (1D) is a fibrous material or needle-
like structure. The two-dimensional nanostructure (2D) is a layered material or plate-

like structure.

Several studies established that the blending of nanomaterials can improve
mechanical properties, thermal behaviours and fire resistance of polymers [4, 33]. The
incorporation of nanofillers in polymer composites is a novel technique for the
application of flame retardants, that gets much attention. Much of researchers showed
that nano-flame retardants have more effective than any other traditional flame
retardants. There are three principal types of nanomaterials employed as flame
retardant additives, namely nano-sized particles, nanocarbon fillers and nano-clays.

The characteristics of each nano-flame retardants will explain in the following section.

2.5.6.1 Nano-sized Particulate Additives

The nanoparticles of metal oxides and polyhedral oligomeric silsesquioxane (POSS)
have been used as fire retardants. The traditional metal oxides with the particle size in
the dimension of nanometer used in the applications are zinc oxide (ZnO), titanium
dioxide (TiOy), silicon dioxide (SiO2) and aluminium oxide (Al.Oz). The flame
retardancy mechanism of nanoparticles is similar to the microparticles; however,
nanoparticles' efficiency is higher than larger molecules. The small contents of
nanoparticles increased the thermal stability and reduced the rate of heat release in the
combustion of the polymer [4, 12].
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2.5.6.2 Carbon Nano-additives

In addition to the nanoparticulate, the flammability of polymer composites can be
reduced with the incorporation of nanocarbon additives. The carbon molecules used
in flame retardants are carbon nanotube (CNT), graphene oxide (GO) and fullerene
(Ceo) [34].

The CNT, which is a macromolecule of carbon, is a cylinder of graphene. Due to the
outstanding conductivity, thermal and mechanical properties of CNT, it has used in
various applications, especially high-performance flame retardants. As the network
layered structure of CNT can shield the dispersion of heat and combustible gases to
the burning area, the CNT presents the flame retardancy mechanism of condensed
phase. Furthermore, the unique network structure and the composition of CNT
contribute to the increase of thermal stability. It causes the increase of thermal
stability. The review of Ma et al. [33] reported that the fire retardancy efficiency of
multi-walled carbon nanotube (MWNT) was higher than silicate nanoclay. The heat

release rate and mass loss rate of composite declined with adding the CNT.

For the GO flame retardant, its configuration contains the stacked graphene sheets
modified with the hydroxyl, carbonyl and ether groups. It causes good compatibility
with polar polymers. The increasing of char content and thermal stability in polymer

nanocomposites with loading the GO reduces the polymer flammability [34].

The other nanocarbon with a unique structure is fullerene. It possesses the molecule
of 60 carbon atoms with hollow shape. Thus, during the polymer combustion, the
macromolecule and the free radicals produced from the degradation of polymer can
be trapped by the C60 molecules. Subsequently, the gelled ball network is created,
influencing the increase of melted polymeric viscosity. This phenomenon results in
the inhibition of combustion [33, 35].

2.5.6.3 Nano-layered Materials

Nanomaterials with layered structure have attracted remarkable attention in use as
flame retardants for polymers. The reviews of Yue et al. [36] reported that the heat
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release rate and mass loss rate of composites containing nano-layered materials were
more decreased than spherical and tubular structures. The two vital types of layered
nanoparticles used widely for flame retardant applications are layered silicates and

layered double hydroxides [37].

Layered silicates are groups of clays, including tetrahedral silicon dioxide (SiO2)
layers and octahedral aluminium oxide (Al2Oz) layers. The structural arrangement of
layered silicates depends on a proportion of tetrahedral to octahedral layers. If the
ratio is 1:1, the structure has an alternation of one tetrahedral layer and one octahedral
layer. For the 2:1 type, one octahedral layer intermediate between two tetrahedral
layers [38]. Each clay layer joins together with van der Waals force and electrostatic
force. Some of AI®* in the octahedral layers are substituted with Mg?*, contributing to
the negative charge of the silicate layer surface. The excess negative charges connect
with inorganic cations, e.g., Na* or Ca?* to neutralise the charge of the layer structure.
As these inorganic cations can absorb water, it encourages hydrophilicity in clay [37,
39, 40].

The common layered silicates employed for polymer nanocomposites is
montmorillonite (MMT) with 2:1 phyllosilicate. The layer thickness and lateral
dimensions of MMT is 0.96 nm and 200-300 nm, respectively. Therefore, an aspect
ratio, a ratio of length to thickness, is approximately 200-300 [37, 39, 41]. Figure 2.12

provides the schematic structure of nanolayered MMT.

— Tetrahedral sheet

]— Octahedral sheet

—— Tetrahedral sheet

Basal Space

— Interlayer or gallery

Figure 2.12 Schematic configuration of 2:1 nanolayered silicate clays [40]..
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The principal models of polymer nanocomposite incorporated with the nano-layered
materials are phase separation, intercalation and exfoliation, illustrated in Figure 2.13.
When the polymer cannot intercalate in the interlayers of nanoclays, this phenomenon
is called a phase-separated configuration. Because of the low interaction between the
polymer and the clay, the nanocomposite obtains low mechanical properties.
Meanwhile, if the galleries of clay are extended with polymer but the layers still
maintain, this composite structure is named intercalated configuration. For the
exfoliated structure, the clay lamellar are entirely separated and dispersed in the
polymer matrix, promoting the high interaction of matrices. Hence, the
nanocomposite with exfoliation has the highest mechanical properties than the other
structures [24, 39, 41, 42].
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Figure 2.13 Schematic configuration of polymer/clay nanocomposites [39].

Numerous studies have shown that nanoclays achieve enhanced polymer fire
retardancy [43-45]. The layered materials can reduce the heat release rate and also
increase the char formation during combustion. Qin et al. [46] suggested the fire
retardancy mechanism of the silicate clays for polymer nanocomposite. The
degradation of silicate clays generated acid sites on the surface of clay lamellar. They
can accelerate the initial reaction of thermal decomposition. This process results in
the decrease of ignition time, the increase of initial heat release rate, and carbonised
layer formation on the surface. It presents the flame retardancy mechanism of
condensed phase. Besides, the dehydrogenation and the crosslinking of polymer
chains are catalysed by the active sites. Thus, the nanocomposites' thermal and

oxidative stabilities increase; however, the peak heat rate decreases.

Another type of nanolayered clay obtaining great attention as flame retardants is
layered double hydroxides (LDHs). The compositions of LDHs are positively charged

layers of metal hydroxides and anions, and water in the interlayer regions. According
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to the unique components of LDHSs, heat and combustible gas in the combustion
process can be reduced by releasing water vapour in LDHs. This action is the flame
retardantcy mechanism of gas phase. Besides, the decomposition of metal hydroxide
layers in LDHs provides the metal oxides acting as the physical layers to protect the
dispersion of heat, flame and combustible gases to the burn substrate. It is the
condensed phase mechanism. The addition of LDHs also accelerate the residual
formation in the thermal decomposition process and enhance the thermal stability of
polymer composites.

As the flame retardancy mechanisms of LDHs are both gas phase and condensed
phase, they are better than other flame retardants. In addition, the chemical structure
of LDHs can be modified by various compounds to develop their properties.
Therefore, this thesis is interested in using the additives of layered double hydroxides
as the flame retardants for the polymer. The literature on the characteristics and the

flame retardancy efficiency of LDHs will review in Chapter 3.

2.6 Characterisation of Combustion Behaviour of Polymers

Several techniques are used to study the combustion behaviours of polymers. One
technique that obtained attention widely is a cone calorimetry since it exhibits high
performance for combustion behaviours. The instrument analyses a value of heat
release rate (HRR), peak heat release rate (b HRR), total heat released (THR), time to
ignition (TTI), time of combustion (TOC) and heat release capacity (HRC) during the
combustion process of polymers. The mass loss of released content of CO and CO»

and total smoke are also detected in the combustion test period [4, 47].

Another test is a determination of limiting oxygen index (LOI), which is a value
showing the minimum concentration of oxygen used during the combustion of
materials in the mixture system between oxygen and nitrogen. However, the LOI test
is the simulation of combustion, which is not the actual situation. It is just used for the

classification of combustible or self-extinguishing materials.
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Furthermore, the standard method used to estimate the flammability of materials is a
burning test in horizontal and vertical positions. This test measures combusting time

and observes characteristics of combustion, e.g. flame dripping.

2.7 Summary

Overall, polymers are high flammability due to their compositions of hydrocarbons in
the polymeric chains. The combustion of polymers provides large amounts of heat,
smoke, gases and residue char. To inhibit and stop the combustion of polymers, the
various flame retardant additives are used in the applications: the compounds
containing halogen, phosphorus and/or nitrogen, the minerals and the nanomaterials.
As the thermal decomposition of halogenated flame retardants releases corrosive
gases, they cannot be used in industries. Thus, non-halogenated flame retardants are
used significantly. The flame retardancy mechanisms of additives are the gaseous and

condensed phase actions, depending on the types of flame retardants.

One of the excellent flame retardants is layered double hydroxides, which is the 2D
nanostructure since it comprises the cationic layers of metal hydroxides, the anions
intercalated between the layers and the water molecules. These can block the
permeation of heat and flammable gases to the combustible surface of polymers. This
study is interested in using layered double hydroxides as the flame retardant additives

for polymers.
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Layered double hydroxides (LDHs) are a group of two-dimensional nano-layered
materials. The first LDH discovered over a century ago is mineral hydrotalcite,
comprising a hydroxycarbonate of magnesium and aluminium. Its chemical formula
is [MgeAl2(OH)16]CO3-4H20. Later, there was an attempt to synthesis the
hydrotalcite-like compounds to use as LDH representative. Thus, LDHs are also
assigned as hydrotalcite-like compounds [1-4]. To date, LDH is a novel flame
retardant for polymeric materials that provides inhibition of fire propagation process.
The objectives of this chapter are to present fundamental structure, synthesis,
characterisation of LDHs. Besides, there were the presences of brief polymer
nanocomposites and the state of the art modifications of LDH structure to enhance

fire retardancy for polymers, especially epoxy resin nanocomposites.

3.1 Structure of LDHs

The base layered configuration of LDHs is brucite (Mg(OH).). The crystal structure
of brucites possessed hydroxide anions (OH") in hexagonal close packing and
magnesium ions (Mg?*) occupied in octahedral sites. The hydroxide layers stacks
along a vertical direction that is combined with van der Waals force. Figure 3.1
illustrates a schematic configuration of brucite. In the literature on the brucite crystal,
the distance between adjacent cation centre in the x-axis (ao) is 0.314 nm which is
equal to that in the y-axis (bo), while the length from the middle of one layer to that in

the neighbouring layer (basal spacing, co) is 0.477 nm [2-4].

Side view Top view

Figure 3.1 Schematically chemical structure of brucite [3].
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For LDH structure, some divalent metal cations in the brucite structure are substituted
by trivalent metal cations (M3*). It results in an excess positive charge in the metal
layers. To neutralise the charge in the layer structure, anions are intercalated in the
interlamellar region. Besides, molecules of water intercalate the interlayer space of
LDH. The water molecules combine to the metal hydroxide layers and the anions with
hydrogen bonds [2-4]. Figure 3.2 and 3.3 display a schematic structure and a diagram
of LDH representation, respectively.
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Figure 3.2 Schematic representative of LDH [5].
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Figure 3.3 Schematic diagram of LDH compositions [6].

As the arrangement of LDH lattices is stacked by the metal hydroxide layers along
the basal axis, it is defined as the 2D nanomaterials. The interaction between atoms in
the layer is bound by covalent bonds, and each neutralised layer connected through
van der Waals force. The common empirical formula of the LDH group
is [M{*xM3* (OH),]**[A"" ]y /n.yH, 0, where M?* is the divalent cation (e.g. Mg®* and

Zn?*), M3 is the trivalent cation (e.g. AI*" and Fe®"), Ais a counter anion with valency
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n (e.g. COs% and NO3), x is a value of the molar ratio of M?*/(M?*+M3*), and y is the

amount of water in the structure [2-4].

As mentioned previously, the values of ap and bo relate to the average distance
between adjacent cations on the metal lamellae, whereas the value of co corresponds
to the length of basal spacing (d-spacing) in the layered structure. For LDHs based
Mg and Al ions (Mg/Al LDHSs), the approximate value of ag varies around 0.302 nm
and 0.307 nm. It is small by comparison with the ao value of brucite (0.314 nm) due
to the reduction of atomic size. The atomic size of AI** (0.0675 nm) substituting in
the metal hydroxide layers of LDHs is smaller than Mg?* (0.0860 nm). Meanwhile,
LDHs possess intercalated anions and water molecules in the interlayer space,
resulting in an enlargement of gallery distance. Therefore, the co value of LDHs is
higher than the brucite (0.477 nm), depending on the types of intercalating anions [3].
For instance, the d-spacing of Mg/Al LDHs intercalated with CO3? or NOs" is 0.78
nm and 0.89 nm, respectively [7, 8].

3.2 Synthesis Methods of LDHSs

Since the properties of mineral LDH discovered in nature are limited to industrial
applications, numerous studies have attempted to synthesis LDHs with achieving the
desired properties. There are several techniques used for LDH preparations in recent
years, classified into direct and indirect methods. The direct method is a synthesis of
LDHs in one technique such as co-precipitation and urea hydrolysis. It does not need
to use LDHs as a precursor for the modification of LDHs. On the other hand, the
indirect is a multi-technique used for LDHSs synthesis, which needs to use LDHs as a
precursor for the synthesis. The examples of indirect methods are anion exchange and
reconstruction by memory effect [1, 4, 6, 9]. Ritchetta et al. (2017, cited in Daneil and
Thomas, 2020) [4] reported that the types of cationic and anionic ions and the physical
properties of LDHs influence the choice of the synthesis methods. This section will
describe the details in each preparing method.

3.2.1 Co-precipitation
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The most frequently used technique for LDH synthesis is co-precipitation. This
method is a one-pot direct synthesis for preparing LDHs [4, 9]. In this synthesis
method, an aqueous solution of mixed metal salts containing both the divalent and
trivalent cations with an appropriate ratio is slowly added into an alkaline solution
consisting of target anions under vigorous stirring. The excess hydroxide
concentration contributes to the hydroxylation and the precipitation of the two metal
salts. During the addition of the metal salt solution, the pH value of the mixed solution
decreases steadily. Therefore, to control the pH of the precipitation, a dilute basic
solution of sodium hydroxide, potassium hydroxide or ammonium hydroxide is
dropped into the mixed solution. The typical pH during the synthesis is maintained
between 7 and 10, depending on the types of metal salts [1, 3, 4, 6, 9]. Figure 3.4
displayed the examples of pH values used for LDHSs synthesis with a difference of

metal cations.

O Formation of LDH
M Formation of Crystalline LDH
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pH
Figure 3.4 Representatives of pH ranges used for LDH synthesis with various types

of divalent and trivalent cations [10].

Although the LDHs crystals can be formed at room temperature, thermal treatment of
the suspended solution is necessary to the synthesis process because it can increase
the crystallinity and yield of the synthesised LDH. The simple technique used for the
thermal treatment is to ageing the solution at 60-100°C for a few hours to over several
days [1, 9]. After the ageing process, the precipitate is washed with water and dried at
70°C [1].
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According to the study of He et al. [9], the desire anions intercalated in the interlayers
ought to introduce a potent attraction to the metal hydroxide lamellae and to have an
large amount for the intercalation. For these reasons, nitrate or chloride salts of
divalent and trivalent cationic metals are used as precursors for LDHs preparation
since they have a low affinity comparing to the desired anion. The synthesis conditions
on LDHs should be without contamination of carbon dioxide (CO>), carbonate ions
(COs%), or both. They are high affinity that can interact speedily with the cationic
layers of metal hydroxides. This interrupts the interaction of desired anions with the
layers. Thus, nitrogen gas (N2), an inert gas, is flowed into a reactor during the

synthesis process to protect the absorption of COa.

3.2.1.1 Mechanism of Crystalline LDH Formation Prepared by Co-precipitation
Method

Even if many LDH synthesis studies via the co-precipitation method have attracted
wide attention, there are just a few published works on the mechanism of crystalline
LDH formation. The two primary mechanisms of the LDH formation are nucleation
and growth of LDH crystallites [11-13]. A comprehensive study by Tathode and Gazit
[13] stated that when the first drop of the metal precursor solution was added to the
alkaline solution, it generated a negligible amount of LDH nuclei in the mixed
solution. The further drop of metal salt solution contributed to either the growth of
formed nuclei, new nuclei production, or both. The particle size distribution varied in
a broad range in the initial co-precipitation. Once the complete addition of the metal
precursor solution, many nuclei increased dramatically, but the growth of the particles
reduced. This stage attributed to the reduction of the size distribution. The increase of
nucleation rate was exponential, whereas the growth rate rose by a linear curve. After
the co-precipitation, the solution was heated, leading to the crystal growth,
agglomeration and stacking of the LDH layers. Some small particles can re-dissolve
to the solution and agglomerate to produce the larger particles during ageing. This

action is known as an Ostwald ripening mechanism.

Moreover, the study of Boclair and Braterman proposed the chemical reaction of LDH
formation [14]. In the first step, the dropping of the mixed metal salt solution
containing both M?* and M3* ions to the saturated alkaline solution resulted in trivalent
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metal hydroxide (M3*(OH)s) presented in Equation 3.1. Then, the M?*ions interacted
with the M3*-rich LDH phase and the anions e.g. chloride (CI) were intercalated in

the structure. Equation 3.2 shows the equilibrium reaction of the LDH formation.
M3* (aq) + 30H(aq) <——— M(OH); (3.1)
M**(OH); + 2M?* (aq) + 30H™ + CI' «——» M M*(OH)4Cl (3.2)

Yang et al. [15] reported that the amorphous aluminium hydroxide was precipitated
at the beginning of synthesis because the pH for the precipitation of AI** was lower
than that of Mg?*. Further, an accumulation of the amorphous aluminium hydroxide
took place in the solution inducing a formation of lamellar boehmite (oxide-hydroxide
aluminium, y-AIOOH). Then, the Mg?* were absorbed on the boehmite's surface and
incorporated in the boehmite layers, resulting in an unbalance of charge in the
structure. The anions (e.g. carbonate and nitrate) were combined in the interlayers to
balance the unstable-ionic layers. Afterwards, there was the stacking of layers along
the c-direction, contributing to the LDH structure. The crystallinity of LDH increased
with the crystal growth process until the appearance of perfect LDH. Figure 3.5
illustrates the mechanism of the LDH formation proposed in this study.
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Figure 3.5 Schematic mechanism of LDH formation proposed by Yang et al. [15].
In contrast, some researchers argued that the LDH formation mechanism resulted
from the diffusion of M3* ions into the divalent hydroxide structure [16, 17]. Shin et

al. [17] suggested that the mechanisms of LDH formation had three critical stages.
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The first stage of LDH formation was a warming-up stage. In the initial time of 1.5 h,
the boehmite molecules were attached to the brucite layers, resulting in the slight
expansion along with the c-axis from 4.75 A for the pristine brucite to 4.80 A for the
heat-treated brucite. Subsequently, the boehmite diffused into the brucite lamellar,
causing the dissolution, re-precipitation and substitution of Mg?*. In the meantime,
the COs% ions combined with the excess cations on the metal hydroxide layers to
compensate for the charge in the layered structure. This circumstance accounted for
the phase transformation from the brucite phase to the low crystalline LDH in the
period of 1.5-2.3 h. At the last stage, the low crystalline LDH was growing both the
c-axis and the ab-plain. It promoted the increase of crystallinity and the growth of
crystal size. This process is called the crystal growth and ordering stage. Figure 3.6
illustrates the schematic diagram of the phase transformation of brucite to high

crystallinity of LDH.

Highly crystalline Y Low crystalline

LDH LDH
AI(OH)s ,
& mgon, @ or & wmgoHy, @ aoH), A con
AIOOH

Figure 3.6 Schematic diagram of the phrase transformation of brucite to high
crystallinity of Mg/Al LDH [17].

3.2.1.2 Effect of Parameters on LDH Formation
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To date, numerous researches have studied the effect of parameters on the LDH
formation prepared by the co-precipitation method, for example, precipitating agents

[12, 18], pH of solution [12, 19-21] and aging temperature and time [22-24].

3.2.1.2.1 Precipitating Agents

The general basic solution used as a precipitating agent for the co-precipitation is the
sodium hydroxide (NaOH) aqueous solution. Kameda and Umetsu established that
the concentration of the NaOH solution affected the crystallinity of LDHs. From the
XRD results in Figure 3.7, it can be observed that the intensity and sharpness of
crystalline peaks increased obviously with using the high concentration of NaOH.
This result was evidence of crystalline increase [18]. These results related to the prior
research that the higher NaOH concentration used, the larger crystalline size of Mg/Al
LDHs obtained [12].
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Figure 3.7 XRD patterns of Mg/Al LDHs prepared with the difference of NaOH
concentrations: (a) 0.75, (b) 0.9, (c) 1.0 and (d) 1.25 M NaOH [18].

With the characterisation of ion concentration during the synthesis, the small amount
of Mg?" existed in the mixed solution as the pH maintained with the low NaOH
concentration (0.75 and 0.9 M NaOH). It indicated that the low concentration of
NaOH could not precipitate the Mg?* to form the Mg(OH).. The applying of the higher
concentration of NaOH, nevertheless, encouraged the precipitation of Mg?".
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Meanwhile, the precipitation of AI** ions could take place in all the concentrations of

the base solution.

After the complete precipitation and aging processes, the suspension was filtered and
washed with the water until neutralisation. In case of LDH synthesis with using the
low NaOH concentration, the filtrate may contain some Mg?*. It was necessary to
remove the Mg?* in the filtrate for wastewater treatment. On the contrary, if the high
NaOH concentration was used in the LDH synthesis, it must consume a large amount
of water in the washing process for the remove of excess NaOH and the neutralisation
of residue [18]. Hence, the selection of appropriate NaOH concentration is important
for the LDH synthesis with this method.

Besides the NaOH solution, another basic solution for LDH synthesis with the co-
precipitation method is an aqueous ammonium hydroxide solution (NH4OH).
Olanrewaju et al. [8] compared the performance of different base precipitating agents.
The XRD results in Figure 3.8 demonstrated that the d-spacing at the lowest angle of
the crystalline peak of LDHSs prepared using the NaOH and NH4OH solutions were
7.8 A and 8.8 A, respectively. According to the prior studies, the LDH with the d-
spacing was 7.6-7.8 A, attributing to the intercalation of carbonate ions between the
inter-lamellar of metal hydroxide layers, whereas the d-spacing of 8.5-8.8 A
represents the existence of nitrate form in the interlayer region of LDH [7, 8]. Hence,
the use of NaOH induced the intercalation of carbonate forms, while the LDH

presented the nitrate forms in the interlayers of LDHSs using the NH4OH solution [8].
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Figure 3.8 XRD patterns of Mg/Al LDHSs prepared by the co-precipitation with the
different precipitating agents: (a) NaOH and (b) NH4OH [8].

3.2.1.2.2 pH Values

For the co-precipitation method, controlling pH value in the suspended solution with
adding alkaline solution is necessary to the co-precipitation of the two metal salts [9].
Most LDH synthesis studies maintained the pH of the mixed solution at 10. However,
there was no explanation of why the LDH synthesis needs to use this condition. The
only research of Seron and Delorme [19] considered the concentration of Mg?* and
AI** in the suspended solution for the LDH synthesis by the co-precipitation without
a maintained pH. The solution of NaOH and Na>,COs was dropped into a solution of
Mg(NO3)2 and Al(NOs3)s with a constant rate until the solution obtained to pH 13.2.
The reaction of the metal salts and the NaOH contributed to the reduction of pH. The
sampling of suspension in the various pH was carried out to measure the concentration
of Mg?* and AI** in the liquid phase, as presented in Figure 3.9. It could be seen that
at the pH less than 7.1, the concentration of AI®* decreased rapidly, but the
concentration of Mg?* reduced gradually. This result stated that the hydroxide forms
of the trivalent cations were generated in the initial precipitation. At the pH over 7.1,

there was not found the AI®* ions in the solution.
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Figure 3.9 Concentration of metal ions in the mixed solution with the variation of pH:
Mg?* (black line) and AI** (gray line) [19].

Meanwhile, the contents of the Mg?* ions dropped significantly and disappeared in
the solution at pH 10 that may produce the magnesium hydroxides. This condition led
to the formation of Mg/Al LDHs verified by the XRD patterns in Figure 3.10.
Thereby, the pH controlling of the suspension at 10 was probably appropriate to form
the LDH.
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Figure 3.10 XRD patterns of Mg/Al LDHSs with the variation of pH [19].

Furthermore, the XRD peak intensity of LDHSs increased significantly with increasing

the pH values related to the published research of Ay et al. [21]. Besides, Panda et al.

46



Chapter 3 Literature Review

[12] affirmed that the LDH preparation at the higher pH affected the larger crystallite
size, displayed in Table 3.1.

Table 3.1 Crystallite size of Mg/Al-CO3z LDHs prepared with the co-precipitation
method at various pH [12].

Molar concentration of NaOH Average crystallite size (A)
(M) pH9 pH10 pH11
0.10 1.97 2.85 2.24
0.25 1.65 2.43 2.59
0.50 2.08 2.45 3.10
1.00 2.42 2.57 -

According to the study of Li et al. [20] on the phase transformation of LDHs with the
variation of pH, it could be noticed that the LDH prepared under pH 6 presented the
intercalation of nitrate forms while the LDH preparation at higher pH was
intermediate with the carbonate forms. These results were confirmed from the
d-spacing of (003) peaks in the XRD patterns, as presents in Figure 3.11. As described
above, the interlayer distance of 8.8 A and 7.8 A was assigned to the intercalation of
nitrate and carbonate ions, respectively. This phenomenon showed the phase

transformation from the nitrate to carbonate forms with the increase of pH.

Intensity (a.u.)

Figure 3.11 Interlamellar distance of (003) and (110) reflections for the Ni/Al LDHs
synthesised in the different pH [20].
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Considering the solubility of CO2 in water, the CO2 can react with water, resulting in
bicarbonate anion formation (HCOz3"). Then the anions decompose to the carbonate
ion. The reversible reactions of CO> dissolution in water are presented in Equation 3.3
and 3.4. The values of acid ionisation constants for Ka: and Ka2 at 25°C of both

equations are given in Equation 3.5 and 3.6, respectively.

CO, + H,O «——— H" + HCOy (3.3)
HCO; «—— H + COy* (3.4)
K. % 104452 mol/L (3.5)
K., % 10°10329 e (3.6)

From the equations, when the calculation of carbonate concentration is at around pH
5, it equaled 10 mol/L. It presented that the low concentration of acid in the solution
at pH5. Therefore, the carbonate ions could not be in the LDH structure. However, if
the solution was pH10, the carbonate concentration increased remarkably in the
system of LDH synthesis. As the carbonate possesses a high affinity, it leads to the

replacement of nitrate with carbonate ions in the LDH structure.

3.2.1.2.3 Aging Temperature and Time

The ageing of the precipitated solution is the process that is important to enhance the
crystallinity of synthesised LDHSs. This information is confirmed by Galvao et al. [24],
who studied the effect of ageing temperature on the crystallite characteristics of Zn/Al
LDHs. The data in Table 3.2 shows that the higher temperature, the larger crystallites
and particle size of LDHs. The increase in the temperature also influenced the

decrease in surface areas of LDHs [8].
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Table 3.2 Average crystallite size in the peaks of (006) and (110) and the particle size
of Zn/Al LDHs prepared at the different pH and ageing temperature [24].

Sample Crystallite size in ~ Crystallite size in Particle size
(Conditions) (006) (nm) (110) (nm) (nm)

At pH 8.5

50°C 17+2 31+3 345+ 15
70°C 22+2 35+3 448 + 16
100°C 30+2 48 £3 445 + 10
AtpH 10

50°C 19+2 30+3 341+21
70°C 20£2 29+3 362+ 14
100°C 26+2 49 +3 400 £ 11
120°C 43 +2 50+3 913+ 111

Another factor for the thermal treatment was the time for the aging process. The study
of Galvédo et al. [24] also investigated the influence of the crystallisation time on the
crystallite and particle size of Zn/Al-NOs LDHs. All the results were shown in Table
3.3. It was found that there was no significant difference in crystalline size and particle
size in the first few hours of thermal treatment. These results could be explained in
terms of stable hydrodynamic materials during the co-precipitation. It produced small
amorphous particles with high surface energy in the initial heat treatment. They
possessed low hydrodynamic stability. Thus, the particles could be consecutively
dissolved until they obtained high thermal stability. After the two hours of ageing,
both the sizes of crystals and particles increased significantly with the longer
crystallisation times due to the growth of the LDH crystals. The results were similar
to the other researches [22, 23].
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Table 3.3 Average crystallite size in the peaks of (006) and (110) and the particle size
of Zn/Al LDHs prepared at pH 10 and 100°C in the various ageing times

[24].
Sample Crystallite size in  Crystallite size in Particle size
(Conditions) (006) (nm) (110) (nm) (nm)
Oh 15+£2 28+3 342+ 11
1h 15+£2 28+3 331+ 17
2h 15+2 34+3 3338
4 h 26+ 2 49 +3 400 + 11
6h 38+2 50+3 678 + 28

3.2.2 Urea Hydrolysis

Urea has been used for the precipitation of metal hydroxides. It is interesting to apply
urea into the aqueous solution of mixed-valence metallic salts to obtain the hydrolysis
reaction and the LDH formation. The mixed solution is re-fluxed under the controlled
temperature [4, 9]. Equation 3.7-3.9 present the hydrolysis reactions of urea. The by-
product of the reactions is ammonium hydroxide that can interact with the required
metal ions [3]. The reaction rate relies on the applied temperature that affects the

particle size of LDH.

CO(NH,), —— NH; + HNCO (3.7)
HNCO + 2H,0 ——> NH,OH + CO, (3.8)
NH; + H ———» NH," (3.9)

Ogawa and Kaiho [25] indicated that the average particle size of LDH decreased with
the high reaction temperature, as displayed in Figure 3.12. The particle size decreased
by 0.9 um for 150°C from 2.9 um for 100°C. Furthermore, the review of He et al. [9]
claimed that the LDHSs prepared by the urea hydrolysis methods had a larger particle

size than by any other methods.
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Figure 3.12 Average particle size and scanning electron micrographs of synthesis
Mg/Al-COs LDHs with the variation of reaction temperatures:
(a) 100°C, (b) 120°C and (c) 150°C [26].

Nevertheless, another product liberated from the hydrolysis of urea is CO-. It can react
with the water, providing the carbonate ions. This reason may contaminate the
produced LDH or obstruct the interaction of desired anions because the COs% is high
affinity. Hence, this method is preferred for synthesis of LDHs-COz3 [3, 25]. As most
organic anions are lower affinity than the carbonate anion, the urea hydrolysis method

may not be suitable for the preparation of LDH intercalated with organic compounds.

3.2.3 Anion Exchange

Another method used for the synthesis of LDH is the anion exchange, known as the
indirect method. An LDH precursor is vigorously stirred in a solution containing

desire anions. During the preparation process, an exchange of existing anions
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intercalated in the interlamellar regions of the LDH precursor with the desired anions
in an aqueous solution. The proportion of desired anions should be higher than the
anions in the precursor LDHs. The possibility of the ion exchange reaction is proposed
in Equation 3.10 [4, 6, 9, 27].

LDH: AWl Xn- ——» LDH- (Xn-)m.-"'n + Am- (310)

The efficiency of anion exchange depends on the electrostatic forces between positive
charges on the metal hydroxide lamellae and negative charges of exchanging anions
[6, 9, 28]. The anions with the high charge provide stronger the interaction force with
the metal hydroxide layer than that with low charge [28]. The order of affinity in
various sorts of anions with the LDH lamellae is NO3™ < Br < CI' < F* < OH < M0O4*
< S04% < CrO4* < HPO4* < CO3? [4]. For this reason, the exchange of anions in the
LDHs preparation was limited with using LDH intercalated with divalent or trivalent
cations as precursors. Practically, the LDHs intercalated with NO3z™ or CI” are used as
precursors for the synthesis since they provide a weak affinity with the metal
hydroxide layers. Thus, the host anions are substituted with the guest anions in the

interlayer space [6, 9].

3.2.4 Reconstruction by Structural Memory Effect

One of the unique characteristics of LDH is the presence of a memory effect. The
structure of LDH can reconstruct after the LDH is calcined at high temperature and
suspended in an aqueous solution with the composition of desired anions. The two
fundamental LDH synthesis processes with this method are calcination and
rehydration [6, 9].

3.2.4.1 Calcination

For the calcination, the pristine LDH-COs is dehydrated by a thermal treatment in a
furnace leading to the liberation of interlayer water molecules and anions and
hydroxyl species. This stage produced mixed metal oxides [6, 9]. The study of
Millange et al. [29] described the thermal decomposition of Mg/Al-CO3 by using a
thermogravimetric analyser (TGA) and differential thermal analyser (DTA). Figure
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3.13 show the TGA curve and its derivative of Mg/AI-COs. The results indicated that
there were two main stages of thermal decomposition. The first peak of the weight
loss at 220°C was assigned to the loss of water molecules adsorbed on the surface of
LDH and intercalated in the gallery regions of LDH. At the temperature range of 240-

480°C, the mixed metal hydroxides in the LDH layers were dehydrated, resulting in
metal oxides such as MgO and MgAlI,Oa.
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Figure 3.13 TGA and DTA results of MgAI-COs [29].

In the meantime, the decarboxylation could be observed due to the decomposition of
carbonate anions intermediated between the layers. The thermal behaviours of LDH-
COs correlated to the XRD results, displayed in Figure 3.14.
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Figure 3.14 XRD patterns of MgAI-COs calcined at different temperatures [29].
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From the XRD diffraction patterns, it can be seen that the calcinations of LDHs at
temperatures below 160°C did not affect the transition of the crystalline phase; the
samples provided the crystalline LDHs. Between 160°C and 360°C, the d-spacing of
the calcined LDHs at the crystalline plane (003) shifted from 7.8 A to 6.8 A. It
corresponded to the decrease of the interlamellar spacing. These results occurred in
the processes of dehydroxylation and decarboxylation during the heating. Moreover,

the intensity of XRD peaks reduced, especially the reflection of (006).

Meanwhile, the diffraction peak around 60°, corresponding to the metal-metal
distance in the layer broadens due to the disordered structure. For the calcination over
360°C, the XRD patterns being characteristic of LDHSs structure were not completely
obtained. However, three broad peaks correlated to the mixture of oxide phases such
as MgO and Al ions in the lattice. Besides, there was an increase of sharpness at the
higher temperature of calcination. It determined the increase of crystallinity resulting
from the sintering of calcined crystals. At the calcination temperature of 1020°C, it
provided the spinel-like compound (MgAI204) [29].

3.2.4.2 Rehydration

For rehydration, the layer structure of LDH can be regenerated by a hydration reaction
of the calcined LDH. The calcined LDH contacts with the target anions in an aqueous
solution. As a result, the metal oxides produced from the calcination of pristine LDHs
are rehydrated by absorption of water in the solution, contributing to the re-formation
of the metal hydroxide lamellae. In the meantime, the desire anions are intercalated in

the interlamellar galleries of the layers [6, 9].

Nakayama et al. (2004) [30] reported the effect of rehydration temperature on the
intercalation of phenylalanine (Phe) into the interlayers of the calcined LDH at 500°C.
The amount of Phe used in the rehydrating period is observed, as shown in Figure
3.15. The uptake of Phe increased rapidly with the temperature rising (0 to 40°C), and
the rate of uptake is stable at above 40°C. The amount of the saturated Phe used during

the reaction is 2.5 mmol.
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Figure 3.15 Uptake of Phe into the LDH calcined at 500°C in the variation of

reaction temperature: ® = 0°C, O = room temperature, 0 = 40°C, A =

60°C and < =80°C [30].

Furthermore, Delorme et al. [31] studied the effect of rehydration time on the

reconstruction of LDHs in the Na>COs solution. Figure 3.16 exhibits the size

distribution of the particles both before and after the soaking in the Na>COs for 5 min,

1h, 24 h, 5 days and 28 days. It can be seen that three populations of particle diameter,

namely, 0.36, 1.7 and 4.9 um presented for the soaking time for 5 min to 5 days.

However, the primary particle size of the heat-treated Mg/Al LDH soaked in the

Na>COs3 solution for 28 days is 1.7 pm.
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Figure 3.16 Size distribution of Mg/AI-CO3z LDH particles synthesised by the

calcination and rehydration method with the difference of rehydrated
time (0, 5min, 1 h, 24 h, 5 days and 28 days) [31].
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3.3 Characterisation of LDHs

The characterisation of synthesised LDHs is essential to understanding their structure
and properties and approaching the optimum conditions of the synthesis. There are
several scientific techniques used for the analysis of LDH properties, such as X-ray
diffractometry (XRD), Fourier transformed infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA) [3, 4, 32]. Therefore, this section will explain some

methods for LDH characterisation.

3.3.1 X-Ray Diffractometry

The most technique for characterisation of LDH crystalline phase is X-ray
diffractometry (XRD). The X-ray reflections of LDH can be categorised into three
groups. For the first series, the sharp peaks are apparent at low angles in (00I)
reflections, determining the stacking of layers along the c-axis. The positions of these
angles relate to the thickness of basal spacing (co), which is the distance from one
metal hydroxide layer to an adjacent interlayer space [2]. The basal spacing or
d-spacing is calculated by using Bragg's Equation:

nk = 2d sind (3.11)

where n is a diffraction order, 4 is a wavelength of an X-ray source, and 6 is a detected

reflection angle [10].

For the higher-order reflections (00n), their spacing is equal to co/2 and co/3 forn = 2
and 3, respectively. However, if the stacking of layers disorders, the spacings do not
correspond to this relationship [2, 32]. The interlayer spacing of LDH can be
calculated from d-spacing and thickness of the metal hydroxide layer. The distance
between the lamellae relies on the size and orientation of intercalated anionic
molecules. Generally, the thickness of the metal hydroxide layer is approximately
0.48 nm [3, 32]. Many studies reported that the gallery height of LDHs was 0.38-0.40
nm [7, 8, 21] and 0.29-0.32 nm [7, 8] with the intercalation of NO3™ and COs?,
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respectively. A lattice parameter of the unit cell in the c-axis for the n-layers (c) is

equal to multiple of co [2].

The second peak position at around 60° with using Cu K, radiation as an X-rays source
can be observed corresponding to a reflection (110). The d-spacing of (110) reflection
is used to determine lattice parameter ao from the formula of ao = 2d(110). The

calculated ao displays the cationic radii [2].

For the last peak positions, the reflections of (01l) and/or (10I) display between the
prior peak positions. These peaks determine the stacking patterns of the metal
hydroxide layers. As the lattice system of metal atoms in the LDH layers possesses
hexagonal unit cell, the number of stacked layers can be calculated from a relationship

in Equation 3.12:

1 _ 4fR2+hk+K2) | 2
dfury 3 ( 2 2 (3.12)

Cc

where dny is the d-spacing of the Miller indices (h, k and I) and ap and c are the lattice
parameters. The stacking orientation of the LDH structure can be determined by using
systematic absences. The two possible symmetric structure are rhombohedral and
hexagonal symmetries. If the result of -h+k+l is equal to 3n, it corresponds to the
rhombohedral structure. However, unless that relationship is equivalent, it indicates
the hexagonal structure. For instance, considering the diffraction patterns of a
synthesised hydrotalcite (MgsAl2(OH)16)(CO3)-4H20) in Figure 3.17a. The pattern
showed that the LDH structure has three layers of stacking along the c-axis in
rhombohedral symmetry with the lattice parameters of ap = 0.306 nm, co = 0.78 nm
and ¢ = 2.34 nm. Meanwhile, the diffraction of manasseite mineral, which is the same
formula as the hydrotalcite, in Figure 3.17b presents the stacking of two layers with
hexagonal symmetry with the unit cell values of ao = 0.306, co = 0.78 and ¢ = 1.56
nm. [2]
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Figure 3.17 X-ray diffraction patterns of synthesised LDHSs in different symmetries:

(@) rhombohedral, and (b) hexagonal structures [2].

Figure 3.18 displayed the XRD pattern of LDH-COz. Millange et al. [29] investigated
the XRD pattern of the prepared Mg/Al-COs LDH with the chemical formula of
MgsAl(OH)g (CO3)os-2H20. The patterns provided the strong peaks at low angles
presented the (003), (006) and (009) reflections. Due to the overlap with the (102)
reflection, the peak at the same (009) reflection was a little broad. Furthermore, the
pattern showed the (110) and (113) reflections between 60° and 63° 26. Considering
the characteristic of the pattern, it presented the high intensity with broad shape for
the (00I) reflections. This consequence showed that the prepared LDH had high
crystallinity but small crystallites. The d-spacing of (003), (006) and (009) planes were
7.8,3.9and 2.6 A, respectively. From the calculation of the unit cell parameters from
the plane of (003) and (110), the value of the co was 2.332 nm and that of the ap was
0.306 nm. The calculated interlayer space was 0.777 nm, corresponding to the location

of the carbonate anions.
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Figure 3.18 XRD pattern of MgzsAl(OH)s (CO3)o5-2H20 [29].

For the intercalation of desired anions, many studies established that the peak intensity
of modified LDHs reduces compared to the unmodified LDHs. For the modified LDH

with organic anions intercalated into the interlayers, the (003) reflection was shifted
to the lower angle, compared to the unmodified LDH. For example, the intercalation

of Mg/Al LDHs with dodecyl sulfate (DS) and dodecyl benzene sulfonate (DBS) is

showed in Figure 3.19. The basal spaces of LDHs increase from 8.71 A for nitrate
ions to 24.2 A for DS and 29.6 A for DBS [33].
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Figure 3.19 XRD patterns of Mg/Al LDHs with: (a) unmodified anion, (b) dodecyl
sulfate and (c) dodecyl benzene sulfonate [33].
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3.3.2 Fourier Transformed Infrared Spectroscopy

A technique used to characterise the chemical structures of LDH, particularly to
molecules intercalated in the intermediate metal hydroxide lamellae, is Fourier
transformed infrared spectroscopy (FTIR). The bands in the region of 400-1000 cm™*
attribute to the metal-oxygen-metal vibrations in the layers. A broad peak at 3500-
3600 cm™* is shown in the spectrum regarding a stretching vibration of the OH group
in the metal hydroxide layers and the water molecules. The shoulder peak around 3000
cm can be observed because of the characteristic of the hydrogen bond between
water molecules and anions in the interlamellar region. Besides, bending vibration of
the interlayered water displays at 1600-1650 cm™ [1, 32].

For the intercalated anions, the vibrations of anions and metal-oxygen can be observed
in the range of 200-2000 cm™, however, the main bands show between 1000 and 1800
cmL. With the intercalation of COs% anions in the interlayers, the spectrum provides
the bands at 1350-1380 cm, 850-880 cm™ and 670-690 cm™. For the interaction of
anionic NOg’, there are the appearance of 1380 cm™ and 830 cm™ in the spectrum [1,
32]. If the carbonate or nitrate ions are replaced with other anions, the intensity of

bands at 1380 cm™ decreases.

Venugopal et al. [33] presented the FTIR spectra of Mg/Al LDHs intercalated with
the nitrate, dodecyl sulfate (DS) and dodecyl benzene sulfonate (DBS) anions, as
presented in Figure 3.20. The spectra of LDH-DS and LDH-DBS differed from the
LDH-NOs in the bands around 3000 cm™, 1180 cm™, presenting the stretching
vibration of C-H in the alkyl chain and the stretching absorption of S=0O in the SO4
group, respectively. The spectrum of LDH-DBS also exhibited the characteristics of
C-H stretching absorption in the aromatic ring at 3030 cm™. Compared to the LDH-
NOs, the band at 1381cm, corresponding to the nitrate group, was not absorption in
the LDH-DS and LDH-DBS. These results confirmed that the the nitrate anions were

replaced with the organic anions.
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Figure 3.20 FTIR spectra of Mg/Al LDHs intercalated with different anions:
(a) nitrate, (b) dodecyl sulfate and (c) dodecyl benzene sulfonate [33].

3.3.3 Thermal Analysis

Thermogravimetric analysis can characterise LDH thermal behaviour. The mass loss
of the thermally decomposed LDH is plotted as a function of temperature. The
decomposition curve performs several stages, relying upon the type of LDH, rate of
heat and atmosphere of heating e.g. N2 or air. There are two stages of the
decomposition: the mass loss of water in the LDH structure with the temperature range
from room temperature to about 200°C and the decomposition of hydroxyl groups in

the lamellar and intercalated anions in between 200°C and 800°C [3, 10].

However, Hickey et al. [34] described that the TGA curve of the Mg/Al-COz LDH
(hydrotalcite) presented three crucial stages of the weight loss. The first stage occurred
at the temperature between room temperature and 150°C corresponding to the
absorbed water loss. In the further step, the interlamellar water was completely
decomposed at 235°C. The last stage was the dehydroxylation of the hydroxyl group
in the lamellar and the decomposition of carbonate in the interlayers. The complete

decomposition of the LDH performs at 430°C. For the DTA curve, the three maximum
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peaks were observed at around 140, 225 and 310°C. Figure 3.21 presents both the
thermogram and its derivative of the Mg/Al-CO3z LDH.
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Figure 3.21 Thermogram of MgAI-COs LDH [34].

3.4 Polymer Nanocomposites

Polymer nanocomposites are polymeric materials consisting of polymer matrix (e.g.
thermoplastics or thermosetting plastics) and nanomaterials (e.g. nanoparticle or
nanofiber) [35] . Thermoplastics are polymers that melts with heating and re-solidify
with cooling and can be repeated in processing several times. In the meanwhile,
thermosetting plastics are polymers solidified by a formation of three-dimensional
networks in molecules, thus cannot be repeated in processing [36]. For polymer

nanocomposites, nanomaterials are embedded in the polymer matrix.

The existence of nanomaterials in polymer matrix improves many properties such as
mechanical properties, gas barrier, chemical resistance, thermal stability and flame
retardancy. However, the addition of nanomaterials increases viscosity, which limits

processability and may provide optical issues due to agglomeration and sedimentation
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of nanomaterials. The properties of polymer nanocomposites depend on
characteristics of polymer matrix (e.g. molecular weight, chemical compositions and
crystallinity), types of nanomaterials (e.g. montmorillonite organoclays, carbon
nanofibers and carbon nanotube) and morphology of polymer nanocomposites. [37]

3.4.1 Fabrication Method of Polymer Nanocomposites

The dispersion of nanomaterials in the polymer matrix affects the physical,
mechanical and chemical properties of polymer nanocomposites. It is determined by
the fabrication method of polymer nanocomposites. There are two common
fabrication methods of polymer nanocomposites: a liquid phase and a solvent phase.
For the former, the fillers were dispersed in liqguid monomers and the mixture was
polymerised. Meanwhile, the latter used a solvent as a rection medium to dissolve
monomers or polymers, resulting in the reduction of viscosity of monomers or
polymers. Then, the nano-fillers were added in to the reduced viscosity monomers or

polymers [38].

3.4.2 Characterisation of Polymer Nanocomposites

Generally, characterisation of polymer nanocomposites can be categorised, namely
structure and property analysis. Structure of polymer nanocomposites is analysed by
using a variety of microscopes and spectroscopes, whereas properties of polymer
nanocomposites are characterised with various techniques depending on the
individual application. The common techniques used for characterisation of polymer
nanocomposites are X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), thermal gravimetric analysis (TGA),
differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis
(DMTA). Besides, an universal testing machine (UTM) is employed to characterised
tensile, flexural and compressive properties. For flammability, it is determined by

using a cone calorimeter and UL-94 test. [37]
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3.4.3 Mechanical and Thermal Properties of Polymer Nanocomposites

Generally, the incorporation of nano-layered materials enhances tensile strength and
modulus for polymer nanocomposites due to the high degree of exfoliation in the
nano-layered materials. The exfoliation of layered materials in the composites are an
increase of surface area interacting between the polymer matrix and the incorporating
layers. The modification of nano-layered materials with organic compounds enhanced
a combativity with the polymer matrix [37].

As mentioned in the chapter 2, the nanomaterials used as the flame retardants were
nano-sized particulates, nano-carbon additives and nano-layered materials. The
thermal stability and flame retardancy of polymer nanocomposites containing the
nano-layered materials were greater than other flame retardants because of the
increase of char residue. The increased exfoliation of the layers resulted in a self-

extinguishing behavior, leading to the stop of burning [37].

3.5 Characterisation of Burning of Fire Behaviours of Polymers

As mentioned in Chapter 2, the cone calorimetry, limiting oxygen index and burning
test are the common techniques used to estimate fire burning behaviours of polymers.
The details of each method would be explained in this section.

3.5.1 Cone Calorimetry

Cone calorimetry is the most well-known test used to study the fire behaviours of
materials as following the standard test of ASTM E1354 and 1SO 5660. The schematic
diagram of the cone calorimeter is illustrated in Figure 3.22. The sample is ignited by
a cone heater within a combustion chamber, resulting in the flame propagation of the
sample. The by-products from the burning are gathered by an exhaust hood and
separated by an exhaust blower. The concentrations of Oz, CO and CO; and their gas
release rate and smoke density produced during the combustion of the specimen are
detected. These measurements can be used for the calculation of heat release rate
(HRR), peak heat release rate (pHRR), total heat released (THR), time to ignition
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(TTI), time of combustion (TOC) and heat release capacity (HRC) as a function of
time. Besides, the instrument detects the CO and CO; contents and total smoke

released during the burning test [39, 40].
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Figure 3.22 Experimental setup of cone calorimeter [39]

From the above information, the cone calorimetry is the high-performance technique
for study the fire behaviours of materials since it can detect the released products
through the combustion process. Thus, this technique is widely used for the test in
bench-scale [39].

3.5.2 Limiting Oxygen Index

It is well-known that the combustion process requires oxygen (O>) in the air to use in
the burning reaction. The measurement of minimum Oz volume used in the
combustion is considered to classify the types of the materials: combustible materials
or self-extinguishing materials. The estimation of combustible ability is defined in a
term of limiting oxygen index (LOI). It presents the minimum concentration of O
consumed in mixture condition of oxygen and nitrogen (O2/N2) deriving from
combusting simulation. Figure 3.23 provides the schematic setup of LOI
measurement, and Equation 3.13 shows the calculation of LOI value.
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Figure 3.23 Schematic diagram of LOI measurement [39]

LOI = (L) x 100 (3.13)
[O2] + N3]

However, the LOI test is the simulation of combustion, which is not the actual
situation. It is just used for the screening, which is not reported in statistics. According
to 1ISO 4589, materials are classified into two groups as the LOI value. If the value is
below 21, they are defined as combustible materials. If that is over 21, they are
categorised into self-extinguishing materials. The LOI value is a direct variation with
the used volume of Oz. Hence, materials with the high LOI are implied the high flame
retardants [39, 40]

3.5.3 UL-94 Test

The Underwriters Laboratories (UL-94) is the standard used to classify the
flammability of materials. The burning test in this standard is a preliminary screening
of the fire performance of materials by measuring and observing the response to the
applied heat and flame. The general burning test can carry out both in horizontal and
vertical directions by following the standards of the ASTM D635 [41] and the ASTM
D3801 [42], respectively. The testing setups of both are illustrated in Figure 3.24 and
3.25.
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Figure 3.24 Experimental setup of the horizontal burning test [41].
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Figure 3.25 Experimental setup of the vertical burning test [42].

For the brief procedure, the sample is clamped on one side while the fire source applies
to the other side. During the test, the ignition time, combustion time and flame
dripping are measured and observed. Most of the horizontal burning test is processed
to determine the burning rate (V) by using Equation 3.14, where L is the burned length

and t is the burning time.

v - oL (3.14)

3.6 LDHs for Flame Retardant Applications

The fundamental structure of LDH comprises the metal hydroxide layers with the
intercalation of anions and water molecules in the interlayers. In general, Mg?* and
AP are widely used as the divalent and trivalent metals in the lamellae, respectively

[1,2]. As the LDHs are the same chemical composition as the mineral flame retardants
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(MgOH: and AIOH3), they have attracted remarkable attention as flame retardants for
polymers [3, 43].

3.6.1 Flame Retardant Mechanism of LDHSs

In the recent years, much published studies have reported the fire retardancy process
of LDHs in polymer composites. The burn on polymer/LDH composites results in the
degradation of polymer matrix and the decomposition of LDH additives. The former
is rapidly degraded by heating whereas some molecules produced from the latter
decomposition can retard the ignition and reduce the fire spreading. The published
review of Gao et al. [44] noted that the liberation of water molecules and CO; and the
formation of char during the thermal decomposition of LDH can decrease the released
heat, dilute the concentration of flammable gas and suppress smoke in the combustion
system. The burning process is suspended unless the amount of fuel is sufficient for

the combustion.

In 2004, Zhang et al. [45] studied the mechanism of flame retardancy of Mg/Al-COs
for polymers (polystyrene, acrylonltrile-butadiene—styrene copolymer, polyethylene
and poly (vinyl chloride)). The polymer fractions degraded at around 200°C. For the
degradation of LDH, the adsorbed and interlayered water molecules were removed
under 100°C and at the temperature range of 110-260°C, respectively. The liberated
water can diminish the surface temperature of polymers during the combustion.
Besides, the produced water vapor supported the dilution of O2 concentration in the
combustion area. The water removal did not destroy the layer structure of LDH.
Afterwards, the hydroxyl groups in the metal hydroxide layers decomposed at 260-
360°C for the aluminium hydroxides and at 360-480°C for magnesium hydroxides.
The dehydroxylation of layers contributed to the releasing of water, the collapse of
layers and the formation of Al.Osz and MgO. The formed metal oxide can absorb the
toxic gases released during the combustion of polymers such as NO, NO2 and HCI.
For the decomposition of CO3? intercalated in the interlayers, it happened at 480-
700°C. This process promoted the CO2 gas that can dilute the concentration of
combustible gas. The schematic thermal decomposition of LDH-COs is presented in
Figure 3.26. The proposed flame retardant mechanism of LDH in this study also
corresponded to other literature [46-48].
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Figure 3.26 Schematic thermal decomposition of Mg/AI-COs [45].

The study of Camino et al. reviewed by Gao et al. [46] noted that the combustion of
LDH at around 200°C generated the release of interlayered water molecules.
Subsequently, the decompositions of intercalated CO3s? anions and layered metal
hydroxides were presented at 291°C and 416°C, respectively. The by-products of
thermal decomposition of the metal hydroxides were magnesium oxide (MgO) and
magnesium aluminium oxide (MgAl>Oz3). These produced metal oxides can inhibit the
dispersion of oxygen in the air through the combustion area.

For the flame behaviours of MgAI-PO4 [49] and MgAI-H2PO4 [50], they were not
only the production of large amount of H>O and char during the burning but also the
release of PO4 - free radicals. The phosphate radicals interacted with the OH " and H-
radicals, resulted from the degradation of polymer. This stage led to the char
formation. Thus, the LDHs containing the phosphate compounds can disrupt the

combustion.
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Likewise, the flammability of epoxy resin composite was decreased with
incorporating the Mg/Al LDH intercalated with phenethyl-bridged 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DiDOPQ). The thermal decomposition of

DiDOPO liberated the PO’ radicals, and then they combined with the OH" and H-

radicals. Besides the PO’, it produced some acid molecules of phosphorus compounds
during the decomposition of DIDOPO. These formed acids could accelerate the rate
of char formation. Thus, the combustion of epoxy resin (EP) was inhibited and
stopped [51]. Compared to the Mg/AI-CO3 to Mg/AI-POs, the flame retardant
efficiency of the latter was higher than the former [49].

3.7 Overview of Flame Retardancy Efficiency of LDHs for Polymer

Nanocomposites

The last two decades have seen the rapid development of LDHs to use in many
applications, especially flame-retardant additives for polymers. There have been used
LDHs as flame retardants since the 1970s, reported in a review of Qiu and Qu [52].
To improve flame retardancy efficiency of LDHs, the metal cations and intercalated
anions in LDH structures have been modified with a variety of chemicals [44, 52].
This section will review flammability of polymers nanocomposites with incorporation

of LDHs in previous published researches.

3.7.1 Modification of Metal Cations in LDHs

As the thermal decomposition of metal hydroxide layers in LDHs can encourage the
inhibition of polymeric combustion, the selection of metal cations is a significant
importance to flame retardancy of polymers [44]. Some researchers have attempted to
study the role of both divalent and trivalent cations in metal hydroxide layers of LDHs
in  flame-retardant performance of polymer/LDHs nanocomposites. The
representatives of divalent and trivalent cations used widely are Mg?" and AIPP*,
respectively. The other divalent cations used to study the efficiency of flame

retardants were Zn, Ni, Co, Cu and Ca.
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In 2008, Manzi-Nshuti et al. [53] investigated the effect of LDHs with different
divalent cations (Ni, Zn and Co) on the properties of poly(methyl methacrylate)
(PMMA) nanocomposites. The controlled trivalent cations and the interlayer anions
were AI¥* ions and undecanoate molecules, respectively. The results of cone
calorimeter showed that both PHRR and THR of all composites was hardly change
with the loading of 1% LDHs compared to the pure PMMA. However, the loading of
5 and 10% LDHs had an influence on the fire behaviours of PMMA/LDHs
nanocomposites, particularly PHRR presented in Figure 3.23. At 5% LDHs loading
(Figure 3.27(a)), the PHHR of PMMA/ZnAl2 LDH and PMMA/CoAI2 reduced
slightly, but the curve could not be observed the change in PMMA/NIiAI2. Considered
at 10% loading of the LDHSs, the PHHR of PMMA/CoAI2, PMMA/ZnAl2 and
PMMAVJ/NIAI2 decreased significantly by 41, 26 and 16% from the 1057 kwm for
the pure PMMA.
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Figure 3.27 HRR curves of PMMA nanocomposites with incorporation of Ni/Al,
Zn/Al and Co/Al LDHs in different contents: (a) 5% loading and
(b) 10% loading [53].
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A year later, Manzi-Nshuti et al. [54] had studied more in the flame retardancy of
PMMA nanocomposites with the loading of LDHs-based Mg/Al, Ni/Al, Cu/Al, Zn/Al
and Ca/Al. At the 6% LDH loading, the percentage of PHHR reduced to 36% for
Ca/Al and Ni/Al LDH, 24% for Mg/Al LDH, 16% for Zn/Al LDH and 0% for Cu/Al
LDH. Another study compared the efficiency of flame-retardant properties of Mg/Al
and Zn/Al LDHs intercalated with oleate in ethyl-vinyl acetate (EVA) [55]. The
performance of the Mg/Al LDH was higher than Zn/Al LDH due to the larger
reduction of PHHR, especially the loading at 10%. The HRR curves of EVA/LDH
nanocomposites are shown in Figure 3.28. And also, the time to ignition of composite
containing Mg/Al LDH was longer than that of Zn/Al LDH. After the cone calorimeter
test, the observed dripping of the composites reduced obviously and the char residue
of composites with loading of Mg/Al LDH was more than Zn/Al LDH.
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Figure 3.28 HRR curves of EVA/LDH nanocomposites with the different LDHSs:
(@) Mg/Al LDH and (b) Zn/Al LDH [55].
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Moreover, there were modification of LDHs by partial or full substitution of Mg and
Al atoms in the metal hydroxide layers with other metals to enhance flame retardancy.
Xu et al. [56] synthesised the Mg/Al and Zn/Mg/Al LDHs and studied their fire
retardancy in acrylonitrile-butadiene-styrene (ABS). From the TGA curves and their
first derivative shown in Figure 3.29, both the composites displayed the thermal
decompositions at below 300°C and around 430°C, whereas the pristine ABS
presented the only decomposition at 430°C. These results demonstrated the
decomposition temperature of composites decreased with adding of LDHs. The
loading of both Mg/Al and Zn/Mg/Al LDHs also induced the considerable increase of
the char residues. Comparing the flammability test with the pristine ABS, both the
composites provided an increase of LOI values, a suppression of smoke density and a
declination of PHHR.
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Figure 3.29 TGA curves and their derivatives of pristine ABS and ABS/LDH

nanocomposites [56].

Similarly, the loading of LDH-COs contained among Mg, Al and Fe attributed the
high flame-retardant performance to poly(ethylene-vinyl acetate) EVA
nanocomposite compared to the LDH without the composition of Fe**. Jiao et al. [57]
suggested that Fe®* can accelerate the rate of char layer formation and can react with
flammable free radicals produced during the combustion. Moreover, Labuschagné et
al. [58] showed that the partial and full replacement of Mg and Al with Ca, Cu, Zn
and Fe could improve the flame retardancy of poly(vinyl chloride) (PVC). Besides the
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reduction of PHHR, the maximum average rate of heat emission (MARHE) also

decreased dramatically, presented in Figure 3.30.
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Figure 3.30 Values of PHRR and MAHRE of pristine PVC and their composites with
addition of LDHs [58].

Overall, there seems to be some evidence to indicate that modification of metal cations
in metal hydroxide layers of LDHs with Mg, Ni, Zn, Co, Ca and Fe can improve flame
retardancy of polymers depending on the types of metal cations. However, LDHs
based on Mg?* and AIP* cations are still widely used as flame retardant additives.

3.7.2 Modification of Intercalated Anions in LDHs
3.7.2.1 Incorporation of LDHs Intercalated with Inorganic Anions

The most common method used widely to develop fire-retardant efficiency of LDHs
is to modify intercalated anions in the interlayers. The types of anions intermediate
between the lamellae are inorganic and organic anions. The first LDH used for
reducing flammability of polymers is intercalated with carbonate ion [44]. Camino et
al. [46] compared fire retardant effectiveness of hydrotalcite (Mg/Al-COs LDH) in
EVA polymer. At the 50% loading of fillers, the composite with the LDH provided
the longest time to ignition and the lowest peak of gas temperature, as shown in Figure
3.31. Furthermore, the results also presented that the LDH could delay the maximum

of heat release rate of the polymer combustion since the thermal decomposition of
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LDH took place in the wide temperature range of 200-500°C. The results
corresponded to the research of Zhang et al. [45].
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Figure 3.31 Mass loss of EVA polymer composites analysed from the cone

calorimeter [46].

According to the limitation of metal hydroxide flame retardants, zinc borate is blended

with metal hydroxides (e.g. magnesium hydroxide and aluminium hydroxide) to
improve smoke-suppressing properties. Shi et al. [59] investigated the loading of 60
wt% Mg/Al LDHs intercalated with carbonate and borate (Mg/Al-borate) as flame
retardants for EVA. The LOI values of both EVA/LDHs nanocomposites were more

than that of the pure EVA. By considering the smoke density during the combustion,

the addition of Mg/Al-borate reduced the smoke density by 45% from the pure EVA

that was better than that of Mg/Al-carbonate. All the results of LOI and smoke density
are presented in Table 3.4.

Table 3.4 Values of LOI and smoke density of EVA nanocomposites with addition of

LDHs intercalated with carbonate and borate anions [59].

Samples Limiting oxygen index (%) Smoke density
EVA 21.3 187.4
EVA/LDH-COs3 30.0 133.1
EVA/LDH-borate 29.2 102.9
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In 2005, Nyambo et al. [60] compared the flame retardant performance of MgAl
LDHs and ZnAl intercalated with borate in EVA polymer. The cone calorimetry
results indicated that the PHHR of composites decreases obviously with addition of
both LDHs. For example, the PHHR of EVA composites is reduced by 42% for the
loading of 3% MgAl-borate and by 36% for the loading of 3% ZnAl-borate. The more
LDHs loaded, the greater reduction of PHHR obtained. The decrease of PHHR for
addition of the two LDH types did not display a significant difference. The HHR

curves are shown in Figure 3.32.
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Figure 3.32 HHR curves of EVA/LDH nanocomposites with addition of different
LDHs: (a) Mg/Al-borate and (b) Zn/Al-borate [60].

In contrast, the study of Wang et al. [61] reported that the flame-retardant effective of
Zn/Al-borate was higher than Mg/Al-borate because the PHHR of the former (1186.9
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kW/m?) was less than the latter (1290.3 kW/m?) for the loading of 6% LDHSs. Not
only the PHHR but also the total heat release and the average mass loss rate of
PP/ZnAl composites were decreased compared to the pure PP. After the combustion
test of the polymer composites, the characteristic of char residue was observed. At the
same proportion of LDH, the char quantity of the composite with addition of Zn/Al
LDH was more than that of Mg/Al LDH, as displayed in Figure 3.33.

Figure 3.33 Formation of char residue after the combustion test of PP/LDH
composites: (a) Pure PP, (b) PP/6% Mg/Al-borate and PP/6% Zn/Al-
borate [61].

Furthermore, there was a synergy between phosphorus-based flame retardants and
metal hydroxide flame retardants in the polymer matrix. The content of char residue
after the combustion of composites increased. The char layers prevented the diffusion
of heat and flammable gases through the combustion area. They can delay and stop
the burning process of polymers. Thus, the intercalation of phosphate compounds
between the metal hydroxide layers of LDHs has significant interesting for

development of flame retardancy of LDHs [49].

Ye et al. [49] established that the flame retardancy of the EVA composites with the
loading of Mg/AI-PO4 was higher than that with Mg/Al-COs. To achieve the V-0
rating for the UL-94 test, it needed to add both types of LDH to the polymer matrix
to 60 wt%. The PO* ions in the interlayers was oxidised to various derivatives of
phosphoric acid that they accelerated the thermal decomposition of polymer and
interacted with free radicals of combustion of polymer. This process produced the
structure of char comprising P-O-C and P-O-P complexes during the combustion of
polymer. These actions had the disappearance in the thermal decomposition of Mg/Al-
CO:s.
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Liu et al. [50] synthesised the LDH modified with H2PO4™ and prepared the PP/LDH
composites. The flammability tests were found that the LOI value of composites
increased slightly with the loading of 3-12 phr LDH-H2PO4. Besides, the addition of
LDH-H2PO4 also prolonged the dripping time of polymer combustion and decreased
significantly the PHHR, average HRR and THR. The values of LOI and time to
dripping are shown in Table 3.5 and the curves of HRR are presented in Figure 3.34.

The flame-retardant mechanism of LDH-H2PO4 was similar to the LDH-POa,.

Table 3.5 Values of LOI and time to dripping of PP/LDH-H2PO4 nanocomposites in
different contents of fillers [50].

Content of LDH-H2PO4 (phr) LOI (%) Time to dripping (s)
0 17.8+0.1 3+1
3 184 +0.1 9+1
6 18.8+0.2 15+1
9 195+0.1 301
12 21.2+0.2 38+2
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Figure 3.34 HRR curves of pure PP and PP/12 phr LDH-H2PO4 [50].

All the above evidence insisted that the LDHs modified with inorganic anions
including carbonate, borate and phosphate are high potential flame retardants for
polymers. The flame retardancy of LDHs with the borate and phosphate are higher
than that with carbonate. As LDHSs intercalated with inorganic anions have high

charge density in the metal hydroxide lamellae, strong hydrophilicity on the layer
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surface and small distance between interlayers (< 1 nm), they are poorly compatible
with hydrophobic polymers. To increase hydrophobicity and enlarge the interlayer
space of LDHs, organic anions are considered to modify LDHSs [43, 44]. In the present,
many studies have been developed LDHs modified with various hydrophobic organic

anions.

3.7.2.2 Incorporation of LDHs Intercalated with General Organic Anions

Ye and Wu [62] investigated the flame-retardant properties of low-density
polyethylene (LDPE)/LDH nanocomposites that the LDHs were modified with
dodecyl sulfate (DS) and stearate (SA). The combustion calorimetry results are shown
in Figure 3.35 and Table 3.6. The PHRR reduced dramatically with the loading of 5
phr LDHSs, especially LDHs modified with the DS and SA. The THR and Thrr Of the
polymer nanocomposites also presented a downward trend with adding of LDHSs. In a
subsequent publication, Qiu et al. [63] prepared the PP/MgsAI-DS and PP/MgsAl-SA
nanocomposites and studied their flammability. The results present the same trend as

the previous research.
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Figure 3.35 HRR curves of neat LDPE and its nanocomposites adding the 5 phr
loading of LDHs intercalated with the nitrate, DS and SA [62].
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Table 3.6 Results obtained the cone calorimeter of neat LDPE and various LDPE/

5 phr LDH nanocomposites [62].

Sample PHRR  PHRR reduction with THR TpHRR
(w/g) respect to LDPE (%) (kJ/9) (°C)
Neat LDPE 1230 - 43.3 491
LDPE/LDH-NOs 1170 5 415 488
LDPE/LDH-DS 1051 14.5 40.4 483
LDPE/LDH-SA 898 27 40.1 481

Moreover, Kaul et al. [64] synthesised epoxy resin nanocomposites blended with
Mg/AI-DS and melamine salt of pentaerythritol diphosphate (MPP). The MPP acted
as an intumescing agent. From the UL-94 tests in the vertical direction, the
combustion time of the composite with Mg/Al-DS (E-3 and E-4 samples) was less
than the neat epoxy resin (E1 sample) and the epoxy resin and MPP (E2 sample).
Figure 3.36 displays the characteristic of samples after the burning test.

UL 94 TESTED EPOXY COMPOSITE

E-4 E-3 E-2 E-1
Figure 3.36 Characteristics of neat epoxy resin and epoxy resin nanocomposites after
the flame testing: E1 (neat epoxy resin), E2 (Epoxy resin/MPP), E3
(Epoxy resin/MPP/1 g LDH-DS) and E4 (Epoxy resin/MPP/5 g LDH-DS)
[64].

Dodecyl benzyl sulfate (DBS) modified LDH has also been used as a flame retardant
for polymers. Wang et al. [65] reported the burning behaviours of polylactic acid
(PLA) composites with synergy between a mixture flame retardant (FR) containing

ammonium polyphosphate (APP), pentaerythritol (PER), and melamine cyanurate
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(MC) and LDH-DBS. Comparing the neat PLA with the PHHA of 436 kW/m?, the
percentages of PHHR reduction decreased by 65% and 62% for PLA/FR and
PLA/FR/Zn/AI-DBS, respectively. Meanwhile, the addition of both FR and LDH
resulted in the significant decline of THR, but the considerable increase of char yield.

Some studies have developed LDHs with using cyclodextrin (CD)-based compounds
[47, 66, 67]. Kang and Wang [66] modified the LDH with anions of B-cyclodextrin
functionalised with the DBS. The synthesis of modified LDH had controlled the
amount of carbon-carbon double bond in the structure. From the HRR curves in Figure
3.37, the PHHR values of LDHs intercalated with CD-DBS decreased remarkably
compared with the LDH-DBS.
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Figure 3.37 HRR curves of LDH-DBS, LDH-CD-DBS with low content double bonds
(LDB), LDH-CD-DBS with high content double bond (HDB) [66].

Kalali et al. [47] compared the flammability of epoxy resin/6 wt% LDH
nanocomposites to the pure epoxy resin. The LDHs were intercalated with CD (LDH-
CD), taurine (LDH-T) and multifunctional anions of CD, DBS and T (LDH-CD-DBS-
T). The observation of combustion behaviours was found that all the composites with
LDHs provided the small increase of LOI values with the comparison with the pure
epoxy resin. However, there was only EP/ LDH-CD-DBS-T obtaining the V-0 rating
for the UL-94 test. In addition, the TTl and PHRR decrease dramatically with the
addition of LDH-CD-DBS-T, whereas it provided the increase of char residual after
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the burning. The combustion results are shown in Table 3.7. Subsequently, Kalali et
al. [67] synthesised the LDH modified with CD, DBS and phytate (Phy) (LDH-CD-
DBS-Phy) and prepared the EP/LDH nanocomposites. The results exhibited the same
trend as the prior study. The modified LDH was a highly efficient flame retardant.

Table 3.7 Fire behaviours of the pure EP and the EP/LDH nanocomposites [47].

Sample LOI UL-94 TTI PHHR Char residual
(%) (5)  (kw/m?) (%)
Pure EP 23.0 No-rating 581 931+12 143 +0.3
EP-LDH-NOs 25.2 No-rating 65+3 621+26 214 +1.2
EP-LDH-T 240 No-rating 61+3 491+19 26.0+£0.9
EP-LDH-CD 23.5 V-2 37+2 525+18 240114

EP-LDH-CD-DBS-T  26.8 V-0 40+3 318+23 30.0+0.8

Another types of anions modified in the interlayers of LDHs was linear-chain alkyl
carboxylates (CH3(CH2)nCOO" where n = 8, 10, 12, 14, 16, 18, 20 and 22) [48, 68,
69], oleate [70], and adipate [71]. Nyambo et al. [48] studied the fire retardancy of
PMMA and PS with incorporating the Mg/Al LDHs intercalated with the various long
chain linear alkyl carboxylates. The thermal stability of the polymer composites
increased with the addition of the modified LDHs. The Cone calorimetry results are
presented in Table 3.8 and Table 3.9 for the PMMA and PS nanocomposites,
respectively. The results showed that the increase of Mg/Al LDH loading from 3 wt%
to 10 wt% affected the reduction of the PHRR, THR, average mass loss and smoke
formation during the combustion of the polymer nanocomposites. The loading of 10%
LDHs intercalated with the decanoate (C10) was the highest effective for the PHHR
reduction that was 58% for the PMMA nanocomposite and 56% for the PS

nanocomposite. The results corresponded to other studies [68, 69].
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Table 3.8 Flammability behavior of the PMMA nanocomposites with incorporating
the Mg/Al LDHs modified by the long-chain alkyl carboxylates [48].

Sample PHRR PHRR THR
(KW/m?) Reduction (%) (MJ/m?)
Pure PMMA 1043 £ 50 - 92+2
PMMA+3% MgAI-C10 788 £ 63 24 64 + 28
PMMA+5% MgAI-C10 631 = 57 40 70 £ 31
PMMA+10%MgAIl-C10 442 + 22 58 85+ 10
PMMA+3% MgAI-C12 665 = 34 36 861
PMMA + 5% MgAI-C12 550 £19 a7 84+1
PMMA+10% MgAI-C12 448 + 83 57 792
PMMA+3% MgAI-C14 774 £ 14 26 82+3
PMMA+5% MgAI-C14 635+ 24 39 802
PMMA+10% MgAI-C14 484 + 37 54 74+3
PMMA+3% MgAI-C16 746 £ 29 29 832
PMMA+5% MgAI-C16 728 £ 30 30 8l+1
PMMA+10% MgAI-C16 485 + 31 54 73+5
PMMA+3% MgAI-C18 786 + 32 25 85+1
PMMA+5% MgAI-C18 699 * 27 33 83+2
PMMA+10% MgAI-C18 515+ 15 51 78x4
PMMA+3% MgAI-C22 847 + 31 19 84+3
PMMA+5% MgAI-C22 714 £ 45 32 87+0
PMMA+10% MgAI-C22 534 + 28 49 831
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Table 3.9 Flammability behaviours of the PS nanocomposites with incorporating the
Mg/Al LDHs modified by the long-chain alkyl carboxylates [48].

Sample PHRR PHRR THR
(kW/m?) Reduction (%) (MJ/m?)
Pure PS 1116 £ 25 - 975
PS+3% MgAI-C10 778 £ 47 30 %1
PS+5% MgAI-C10 678 £ 19 39 9=+4
PS+10% MgAI-C10 491 + 31 56 96 £17
PS+3% MgAI-C12 831 £ 43 26 1041
PS+5% MgAI-C12 704 + 32 37 105+1
PS+10% MgAI-C12 540 £ 12 52 100 £3
PS+3% MgAI-C14 781 £ 15 30 105+1
PS+5% MgAI-C14 726 £ 51 35 107 £2
PS+10% MgAI-C14 591 +£15 a7 103+£1
PS+3% MgAI-C16 805 = 25 28 105+4
PS+5% MgAI-C16 749 £ 18 33 108 £2
PS+10% MgAI-C16 736 £ 34 34 108 +9
PS+3% MgAI-C18 921 +£81 17 113 +£2
PS+5% MgAI-C18 885 = 20 21 116 £3
PS+10% MgAI-C18 908 £ 54 19 114 +1
PS+3% MgAI-C22 1083 + 87 3 118+ 4
PS+5% MgAI-C22 1001 + 48 10 114 +£2
PS+10% MgAI-C22 883 £ 67 21 1165

3.7.2.3 Incorporation of LDHSs Intercalated with Organophosphate Anions

According to the high flame retardancy of LDHs intercalated with inorganic

phosphate anions, a variety of organic phosphate-containing compounds has been

interesting to use as intercalated agents in the presents. GoOmez-Fernandez et al. [72]

compared the flame retardant properties of polyurethane foam (PUF) with the loading
of Mg/Al LDH modified with bis(2-ethylhexyl phosphate) (BEHP) to the pure PUF,
PUF/LDH-CO3, PUF/LDH-HPOQ4. At the loading of 3 part per hundred parts polyol
(pphp) LDHs, the LDH-BEHP had the highest effective reduction of PHHR and heat
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release capacity as presented in Table 3.10. The LDH modified BEHP was also used
as the flame retardant in PMMA and PS nanocomposites [73].

Table 3.10 Fire behaviours of the neat PUF and the composites with the loading of
3 pphp LDHs [72].

Sample PHHR at the first PHHR at the Heat release
stage (W/Q) second stage (W/Q) capacity (J/gK)
Neat PUF 1447 £ 6.5 382.2+6.8 420.3 £22.5
PUF/LDH-COs3 136.4+£55 333.5+10.9 371.7+11.2
PUF/LDH-HPO4 138.4£6.5 327222 3457+ 2.1
PUF/LDH-BEHP 133.2+£11.0 309.9+23 334507

Ding et al. [74] investigated the flammability of PLA nanocomposites containing
Ni/Al LDHs intercalated with 2-carboxylethyl-phenyl-phosphinic acid (CEPPA). The
addition of 10 wt% LDH-CEPPA resulted in the significant increase of PHRR to 404.2
W/g from 294.9 W/qg for the pure PLA. It was suggested that the thermal degradation
rate of composite increased with incorporating the LDH. However, the LDH-CEPPA
affected the reduction of THR of composites. The THR value of composite adding
10% LDH-CEPPA was 9.7 kJ/g, that was less than the pure PLA of 12.0 kJ/g. Thus,
the LDH-CEPPA can be used in flame retardant applications. Gao et al. [75] studied
the effect of ammonium polyvinyl phosphate (APP) modified between the layers of
LDHs on the properties of PP composites. At the loading of 20 wt% LDH-APP, the
PHRR reduced by 55% from 1585 W/qg for the neat PP while the THR decreased from
47.6 kJ/g for the neat PP to 34.0 kJ/g for the addition of modified LDH.

Dong et al. [76] proved that the ammonium alcohol polyvinyl phosphate (AAPP)
intercalated LDH could enhance the flame retardancy properties of epoxy resin
nanocomposites. The LOI values of composites increased moderately with increasing
of the LDHs from 23.2% to 29.0% for the 10% and 40% additions of LDHs,
respectively. The loading of the LDH-AAPP over 30 wt% can provide the V-0 rating
of UL-94 test. Huang et al. synthesised the LDH modified with N-(2-(5,5-dimethyl-
1,3,2-dioxaphosphinyl-2-ylamino)-N-hexylformamide-2-propenyl acid (DPHPA) to
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use as a flame retardant for PMMA [77] and EVA [78] with loading of 5 wit%
modified LDH.

Another phosphate-based compound used for modification in the intermediate region
of LDH layers to improve flame retardancy is a phytate (Phy). Figure 3.38 illustrates

the schematic chemical structure of Phy.

Figure 3.38 Schematic chemical structure of Phy.

Kalali et al. [79] synthesised the LDH intercalated with Phy and prepared the PP
nanocomposites containing the APP and LDH-Phy. The LOI value of PP/APP/LDH-
Phy increased by 8% from 19% for the neat PP, as presented in Figure 3.39. The
combustion and flammability behaviours of the neat PP and composites are shown in
Table 3.11. The loading of LDH-Phy led to the significant reduction of TTI and
PHRR, but the significant increase of char residue. For the UL-94 tests, the composites
with loading of 2% LDH-Phy provided the V-0 rating, while the other composites
presented the V-1 rating. Therefore, the PP/APP/2% LDH-Phy was the optimum

proportion for the composite production with high flame retardancy.
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Table 3.11 Combustion behaviours of the neat PP and the PP composites [79].
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Figure 3.39 Flammability of the neat PP and the PP composites [79].

Sample TTI(s) PHRR (kW/m?) Char residues
Neat PP 34+1.6 1294 + 39 0.2
PP/APP 21+12 306 + 28 41.7
PP/APP/1% LDH-Phy 20+19 200+ 24 58.6
PP/APP/2% LDH-Phy 19+1.7 291 +18 57.2
PP/APP/3% LDH-Phy 18+1.3 327 £ 23 57.9

Likewise, Jin et al. [80] found that there were the decreases of TTI, PHR and THR,
but the increases of smoke and char formation with the loading of 1% LDH-Phy in

the PLA blended with intumescent flame retardant containing diethylenetriamine
penta(methylenephosphonic) acid and melamine (PLA/FR/LDH-Phy). Table 3.12

presents the cone calorimetry results of the polymer composites.

Table 3.12 Combustion properties of the neat PLA and the composites [80].

Sample TTI PHRR THR Total smoke  residues
(s) (kW/m?)  (MJ/m?)  production (m?) (%)
Neat PLA 38 812+41 112+6 0.23 0
PLA/FR 20 30015 764 1.69 55
PLA/FR/LDH-CO3 21 38519 704 1.32 6.5
PLA/FR/LDH-Phy 21 30115 64 +3 0.81 8.2
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Moreover, there has been used 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) [51] and sodium phenyl phosphate (SPP) [81] as modifying agents for
LDHs to reduce flammability of epoxy resin. With the addition of 10% Mg/AI-DOPO,
the PHRR of epoxy resin composite reduced by 390 kW/m? from the 781 kW/m? for
the neat epoxy resin [51]. For incorporating of Cu/Al-SPP LDH, Ding et al. [81]
suggested that the loading of 4% LDH-SPP decreased the PHRR to 663 kW/m? from
1493 kW/m? for the pure epoxy resin. Therefore, the LDH-SPP could improve the fire
hazards of epoxy resins.

Considering these circumstances, the modification of intercalated anions with various
inorganic and organic anions can significantly enhance the fire-retardant efficiency.
The carbonate, borate and phosphate anions are used as inorganic intercalating agents.
For the modification of organic anions, the compounds based on the sulfate (e.g. DS
and DBS), cyclodextrin, long-chain alkyl carboxylates (e.g. decanoate and stearate),
phosphate (e.g. BEHP and Phy). In the combustion of polymer nanocomposites, the
addition of modified LDHSs reduces the PHRR and THR, but the increase of LOI value
and char residues. The PHRR reduction performances of polymer nanocomposites

containing the different organic anion modified LDHs are summarised in Table 3.13.

Table 3.13 Summary of fire retardancy performance of organic anion modified LDHs

for polymers

Metal Organic anions  Polymers PHRR reduction References
cations (%) (at the
loading amount of
LDHs)

Mg/Al DS LDPE 15 (5%) [62]
Mg/Al BA LDPE 27 (5%) [62]
Mg3/Al DS PP 58 (20%) [63]
Mg3/Al SA PP 61 (20%) [63]
Zn/Al DBS PLA 62 (2%) [65]
Mg/Al CD EP 44 (6%) [47]
Mg/Al T EP 47 (6%) [47]
Mg/Al CD-DBS-T EP 66 (6%) [47]
Mg/Al CD-DBS-Phy EP 72 (%) [67]
Mg/Al Decanoate PMMA 58 (10%) [48]
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Table 3.13 Summary of fire retardancy performance of organic anion modified LDHs

for polymers (continued)

Metal Organic anions ~ Polymers PHRR reduction References
cations (%) (at the
loading amount of
LDHs)
Mg/Al Laurate PMMA 57 (10%) [48]
Mg/Al Myristate PMMA 54 (10%) [48]
Mg/Al Palmitate PMMA 54 (10%) [48]
Mg/Al Stearate PMMA 51 (10%) [48]
Mg/Al Beherate PMMA 49 (10%) [48]
Zn/Al Undecenoate PMMA 45 (10%) [68]
Mg/Al Palmitate PMMA 68 (20%) [69]
Mg/Al BEHP PUF 19 (3%) [72]
Mg/Al DBS PMMA 45 (10%) [73]
Mg/Al EHS PMMA 27 (10%) [73]
Mg/Al BEHP PMMA 37 (10%) [73]
Ni/Al CEPPA PLA -37 (10%) [74]
Mg3/Al APP PP 55 (20%) [75]
Mg/Al DPHPA PMMA 35 (5%) [77]
Mg/Al DPHPA EVA 43 (5%) [78]
Mg/Al Phy PP 78 (2%) [79]
Mg/Al Phy PLA 63 (1%) [80]
Mg/Al DOPO EP 50 (10%) [51]
Cu/Al SPP EP 56 (4%) [81]

It can be seen that the various organic compounds are applied between the interlayers
of LDHs to enhance the flame retardancy in polymers, especially the organophosphate
compounds. Therefore, this research concentrates on the enhancement of flame
retardancy of Mg/Al LDHs with the use of different organophosphate-based
compounds, namely bis(2-ethylhexyl phosphate) (BEHP), phytate (Phy),
glycerophosphate (GP) and diphenyl phosphate (DPP). The BEHP and Phy have been
used to modify LDHs, whereas the GP and DPP are novel organophosphate
compounds used as the modifying agent for LDHs.
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3.8 Summary

LDHs is the 2D nanomaterial containing the metal hydroxide layers and anions
intercalated between the layers. In addition to the anions, water molecules also exist
in the interlayer space. The synthesis of LDHSs can carry on several methods: co-
precipitation, urea hydrolysis, salt-oxide, anion exchange, and reconstruction by
structural memory effect. The co-precipitation method is remarkably used for LDH
synthesis because it is the direct method and provides high crystallinity. Besides, it is
suitable for anionic modification of LDHSs. The characterisation of LDHSs can use the
XRD, FT-TR, and TGA to analyse crystalline phenomena, chemical structure, and

thermal decomposition, respectively.

According to the literature, the incorporation of LDHSs had efficiency in inhibiting the
combustion process of polymers since the releasing of water vapour can reduce the
heat and dilute the concentration of combustible gases, and the formation of metal
oxide and carbonaceous residues can obstruct the heat and combustible gases passing
through the combustion surface of the polymer matrix. To enhance the flame
retardancy efficiency of LDHs, the alternative method was the modification of anions
in LDHs with organic compounds such as DS, DBS, linear-chain alkyl carboxylates

and organophosphate-based compounds (e.g. DOPO, BEHP and Phy)

Considering the composition of organo-anionic modifying agents, the
organophosphate-based compounds contained the phosphate ester groups in the
structures correlated to the phosphorus flame retardants. The phosphate ester group is
high reactivity, and their compounds have been used as flame retardants. This research
had attempted to modify LDHs with organophosphate-based compounds. There were
four types of organophosphate-based compounds used as modifying agents for LDHs,
namely BEHP, Phy, GP and DPP. It expects that all the LDHs modified with the
organophosphate-based compounds would enhance the flame retardancy of epoxy

resins.
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As the aim of the research is to enhance the fire retardancy of polymers by
incorporating nanomaterials of layered double hydroxides (LDHSs), the synthesis of
LDHs and the preparation of polymer nanocomposites containing the LDHs would be
implemented. The LDHs would be modified with the four different organophosphate
compounds, while the representative of polymers used in this research was the epoxy
resin (EP) of bisphenol A digylcidyl ether (DGEBA).

This chapter provides details of methodologies for the LDHs synthesis and the EP
nanocomposite preparations incorporating the synthesised LDHs. Firstly, the
materials employed as precursors for the experiments are presented. The second to
fourth sections describe the experimental setup and procedures for LDHSs preparation
intercalated with inorganic anions and modified with the organic anions, the reduction
of LDH particle size and the characterisation of LDHs, respectively. In the following
section, the curing processes of epoxy resin composites are detailed. The last section
explains techniques used to estimate the performance of the LDHs and the pristine
EP, and the EP/LDHs nanocomposites.

4.1 Materials

For the synthesis of LDHSs, the inorganic metal salt precursors were magnesium nitrate
hexahydrate (Mg(NO3)2-6H20, 98% purity) and aluminum nitrate nonahydrate
(AI(NO3)3-9H20, ACS reagent), purchased from Acros Organics. The modifying
agents for the LDHs were sodium dodecyl sulfate (> 98% purity), bis(2-ethyl hexyl)
phosphate (97% purity), phytic acid solution (50% w/w in water), 3-glycerophosphate
disodium salt hydrate (> 98% purity) and diphenyl phosphate (99% purity). All the
organic anion compounds were supplied from Sigma-Aldrich. Sodium hydroxide
(NaOH) pellets (98% purity) and ammonium hydroxide (NH4OH) solution (25% in
water) employed as precipitating agents were purchased from VWR chemicals and
Merck, respectively. Pural® MG70, a commercial Mg/Al LDHs with the chemical
formula of MgaxAl2 (OH)ax+4 CO3-nH20, was acquired from the Sasol company. The
proportion of MgO:Al>Os in the commercial LDH was 70:30.
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In preparing epoxy resin nanocomposites, the DGEBA (Epikote828) purchased from
Hexion was used as a based polymer. Two hardeners of 4,4'-diamino diphenylmethane
(DDM, 97% purity) and 4,4'-diamino diphenylsulfone (DDS, 97% purity) employed
for the epoxy curing were supplied from Sigma-Aldrich and Acros Chemicals,

respectively.

4.2 Synthesis of LDHs

As described in Section 3.2 of the literature review chapter, several methods are used
to synthesise LDHs. They can be divided into two major groups: direct and indirect
methods. The most common direct method used for LDH synthesis is the co-
precipitation. The advantages of this route are that ease of the process and production
of high crystallinity of LDHs. Besides, the co-precipitation method has been applied
for preparing LDHs intercalated with organic anions. For these reasons, this research
interested in synthesising the LDHs modified with the organic compounds by using

the co-precipitation method.

Another method used for the synthesis of LDHs was the dehydration-rehydration. It
was chosen because few studies published about the modification of LDHs with
organic anions by this method. To compare the characteristics of modified LDHSs, the
pristine LDHs, which had no modifying of the organic compounds, were also

prepared.

4.2.1 Synthesis of Pristine LDHs by Co-precipitation Method

For the preparation of Mg/Al LDHs by the co-precipitation method, the mole fraction
of Mg?* to AI** was 2:1[1]. The experimental setup of LDH synthesis is displayed in
Figure 4.1. A flat flange reaction vessel was covered with a five-neck flat flange lid
connected to two pressure dropping funnels, a reflux condenser and a pH probe.
Within the dropping funnels, one contained a mixed metal salt solution of 0.025 mol
(6.41 g) of Mg(NO3)2-6H20 and 0.0125 mol (4.69 g) AI(NO3)3-9H20 in 25 ml
distilled water, whereas the other one contained an aqueous solution of 1M NaOH.
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Besides, an alkaline solution of NaOH derived from a dissolution of 0.0626 mol (2.5

g) NaOH pellets in 30 ml distilled water was in the reaction vessel.

——1——— 1 .
: A —
Reflux condenser B Ripr=— — = Pressure equalising funnel
o ¥ Mixed metal salt solution
>£- . B
pH probe e | a 1 M NaOH solution
- 5 :a'_ S —
0= —
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ﬁ ¥ N, purge

Thermometer

Five-neck flat flange lid . .
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Flat flange reaction vessel

Heating mantle
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Figure 4.1 Experimental Setup for LDH synthesis.

At the beginning of synthesis, the mixed metal salt solution was slowly added to the
alkaline solution in the reaction vessel. During the solution dropping, the mixture
solution was vigorously stirred at room temperature. The dropping rate of the mixed
metal salt solution was approximately 2 ml/min. As a result, the white precipitate was
immediately formed and suspended in the mixture solution. The entire precipitation
process was performed under a nitrogen (N2) atmosphere to prevent carbon dioxide

(CO2) contamination in the air spread to the reactor.

In the meantime, the reaction between the metal salts and NaOH in the mixture
solution resulted in a rapid decrease of pH. To maintain the pH value of the solution,
the 1 M NaOH in the dropping funnel was added to the suspension. Then, it was stirred
and heated at 65°C for 24 h. The temperature of mixture was measured by a
thermometer. Afterwards the hydrothermal aging process, the particles in the solution
were separated by a vacuum filtration using a cellulose filter paper with particle
retention of 5-13 um. The residue on the filter paper was washed with a large amount
of distilled water until the filtrate's pH was neutral to remove all the supernatant liquid
and the non-reactive chemicals. The drying of samples was subsequently carried out
by using an air oven at 50°C for 24 h. The dried samples were ground by using a

103



Chapter 4 Experimental Procedure

mortar to reduce the particle size, and then the various sizes of particles were separated
by sieves with opening sizes of 1 mm, 200 um and 100 um. The particles with a size

smaller than 100 pm were used for property testing.

The influence of pH and aging time on the formation of LDHs were studied in this
research. Both the parameters were varied to determine the optimum conditions for
the synthesis of LDHs. In the case of the pH study, the mixture solutions were
maintained at 60°C for 24 h. Meanwhile, the mixture solutions were controlled at pH
9 and 60°C for the time effect study.

As there was a problem of carbonate contamination in the synthesis process (discussed
in Chapter 5), the exclusion of CO3? poisoning is necessary to synthesis the LDHs.
Therefore, this research also studied methods of decarbonation in the distilled water
and the NaOH used for the LDH synthesis. There were two assumed methods of
decarbonation in the water, namely a vacuuming in a vacuum oven and a boiling with
an rotary evaporator (rotovap). For the first method, the water was bubbled in the
vacuum oven under low pressure. The pressure gauge pointed at -1 bar, which was
lower than the zero point of ambient atmospheric pressure. The negative sign
presented the vacuum. Therefore, the bubbling of water in the oven took place under
vacuum. An extensive number of bubbles was performed in the water during the
vacuuming. This process was operated continuously at room temperature until the
disappearance of the gas bubbles. For the second method, the water was boiled with
the rotovap under the pressure of 0.3 bar at 80°C for 20 min. The pH values of the
water were measured both before and after the bubbling processes.

In the case of the used NaOH pellet, its chemical specification sheet presents an
impurity of 1% sodium carbonate (Na2CQOz3). It may be a source of carbonate toxicity
for the LDH synthesis. The decarbonation process of the NaOH was carried out by a
preparation of 50 wt% NaOH in an aqueous solution, which is a high concentration.
The 250 g of NaOH pellets were contained in a 500 ml of volume metric flask. And
then, the decarbonated and distilled water was added to the flask until the solution
reached a volume level of the container. Afterwards, the solution in the flask was
swirled in order to dissolve the NaOH. The consequence of NaOH dissolving
generated an obvious production of minute white particles that were suspended in the
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solution. The suspended particles were probably Na,COs. Subsequently, the base
solution was poured into a polyethylene bottle and kept in a fume hood. The bottle
was left for at least three weeks without moving. As a result, the white solids settled
to the bottom of the liquid. The top of the liquid was pipetted to use for the LDH

synthesis.

In addition to the 1 M NaOH used as another precipitating agent for the LDH
synthesis, an aqueous solution of NH4OH was employed the same act as the NaOH
solution. The solution of NaOH in the reaction vessel and in the additional funnel was
replaced with the 2M NH4OH.

4.2.2 Synthesis of LDHs Modified with Organic Anions

The modification of LDHs with anions of organophosphate compounds was expected
to improve the flame retardancy of LDHSs. This research attempted to use several
organophosphate-based compounds, namely bis(2-ethyl hexyl) phosphate (BEHP),
phytate (Phy), B-glycerophosphate (GP) and diphenyl phosphate (DPP) as modifying
agents for the modification of LDHs. To confirm the accuracy of the preparing
procedure, the preliminary modification of LDHs used dodecyl sulfate (DS) as the
anionic modifying agent because the clear instruction of LDH-DS preparation has

been described in a number of published journals [2-4].

4.2.2.1 Preliminary Modification of Mg/Al LDHs with Dodecyl Sulfate

4.2.2.1.1 Preparation of LDH-DS by the Co-precipitation Method

The process of the preliminary modification of LDH-DS was followed by the previous
study [2]. The Mg(NO3)2-6H20 (0.025 mol, 6.41 g) and Al(NO3)z-9H20 (0.0125 mol,
4.69 g) were dissolved in 40 ml of the distilled water. The mixed metal salt solution
was dropped slowly to 60 ml of a homogenised aqueous solution of sodium dodecyl
sulfate (SDS) (0.025 mol, 7.20 g). During the mixing, the solution was simultaneously
stirred at room temperature and constantly kept at pH 9 by using the stock base
solution (1M NaOH or 2M NH4OH). After the complete addition of the salt solution,
the mixture solution was still stirred and heated at 60°C for 24h. The modified LDH
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was prepared under the flow of N2 gas [2]. Then the obtained precipitate was filtered,
washed with the distilled water and dried in the oven overnight at 50°C. The
synthesised sample was named LDH-DS. The preparation of LDH-DS was repeated,
but the decarbonated and distilled water was utilised in the process instead.

4.2.2.1.2 Preparation of LDH-DS by the Dehydroxylation-rehydration Method

First of all, the LDH precursor must be heated at high temperature to calcined the
LDH. This process was called the calcination. In the experiment, the 15 g of the dried
Pural® MG70 LDH was put in an alumina crucible. It was heated in a furnace at 500°C
for 5 h under the air with a heating rate of 10°C/min. The mass of LDH both before
(Mo) and after (My) the heat treatment were recorded to calculate the percentage of
mass loss by employing Equation 4.1.

Percentage of mass loss = (M#I:II) x 100 (4.1)
The calcined commercial LDH (CLDH) was used as the precursor for the synthesis
of modified LDHs. The 1.00 g of CLDH was dispersed in 100 ml of an aqueous
solution of 0.005 mol (1.44 g) SDS. The colloid solution was maintained in the
conditions at 60°C for 24 h [5]. After that, the solid was collected by the filtering,
washing and drying. The decarbonated and distilled water and the gaseous N2 were
applied through the synthesis. The abbreviation of the DS modified LDH produced
from this method was CLDH-DS.

4.2.2.2 Synthesis of LDHs Modified with the Different Organophosphate-based

Compounds

To improve the flame retardancy potential of LDHSs, the compounds of bis(2-ethyl
hexyl) phosphate, phytic acid, diphenyl phosphate and -glycerophosphate disodium
salt hydrate were used as the precursors of modifying anions for the LDH
preparations. The modification of LDHs with the two first organophosphates have
been reported in the previous studies [6-9]. Meanwhile, the other compounds are novel

modifying agents applied in the interlayer galleries of LDHs.
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The synthesis method of LDHs modified with the various organic phosphate types
resembled the preparation process of LDH-DS. However, most of the initial
substances of produced anions were neutral molecule, which were low reactivity.
Therefore, the deprotonation of the organic compounds before beginning the reaction
with the metal salt solution was essential for modifying the LDHSs. The details of the
deprotonation of organophosphate compounds and the preparation of modified LDHs

would be described in this section.

4.2.2.2.1 Conversion of organophosphate compounds to their salts

At the beginning of the synthesis, the phosphate compounds were deprotonated by a
reaction with the alkaline solution (1 M NaOH or 2 M NH4OH) in order to induce the
formation of anions in their compounds. The chemical structures of all anionic

organophosphate compounds are presented in Figure 4.2

Figure 4.2 The chemical structures of various organophosphate compounds employed
for modification of Mg/Al LDHs: bis(2-ethyl hexyl) phosphate (BEHP),
phytate (Phy), diphenyl phosphate (DPP) and -glycerophosphate (GP).

The initial precursor with phosphate groups was dissolved in the NaOH or NH4;OH

solutions in the reaction vessel. The mixture was vigorously stirred under the reaction
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conditions. Due to the different number of phosphate groups in each compound, the
quantities of the base solutions used for the deprotonation were not equivalent. For
the deprotonation of bis(2-ethyl hexyl) phosphate (BEHP), the 0.025 mol of BEHP
was dissolved in the 20 ml of the NaOH or NH4OH aqueous solution. The obtained
solution was heated at 60°C for 1 h. Meanwhile, the OH groups in the phytic acid
(Phy) were dehydrolysed by combining the 4 ml of 50% wi/w phytic acid in water with
the 25 ml of the base solution. The phytate solution was heated to 60°C and hold it for
3h.

Likewise, the deprotonation of diphenyl phosphate (DPP) could be carried out by the
reaction with the aqueous solutions of NaOH and NH4OH. The quantities of whole
chemicals were equivalent to that of the bis(2-ethyl hexyl) phosphate and the base
solutions used to prepare the LDH-BEHP. The phosphate compound was included in
the base solutions at 60°C for 1h. In case of the preparation of B-glycerophosphate
anions (GP), it could be prepared by the dissolution of the 0.025 mol of B-
glycerophosphate disodium salt hydrate in 20 ml of the decarbonated and distilled
water. This phosphate precursor was unnecessary to react with the base solutions due

to its possession on the salt form.

4.2.2.2.2 Preparation of Organophosphates Modified LDHs by Co-precipitation
Method

After the complete deprotonation, the pH of the organophosphate salt solution was
adjusted at 9 by adding the 1M NaOH or 2M NH4OH, depending on the base types
applied in the deprotonation process. For example, if the phosphate compound was
deprotonated by using the NaOH, the LDH synthesis would apply that base to control
the pH solution. Then, the same compositions of mixed metal salt solution used in the
synthesis of LDH-DS were added slowly drop-wise into the aqueous solution of
phosphate salts. The mixture solution was vigorously stirred, and its pH value was
constantly controlled at the same initial pH during the dropping. Then, the obtained
slurry was aged at 60°C for 24 h. Subsequently, the product was filtered and washed
by the distilled water until the neutralised filtrate. To dry the produced sample, it was

brought into the oven at 50°C for 24 h. The prepared LDH samples modified with the
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various phosphate anions of BEHP, Phy, DPP and GP were named the LDH-BEHP,
LDH-Phy, LDH-DPP and LDH-GP, respectively.

4.2.2.2.3 Preparation of Organophosphates Modified LDHs by Rehydration
Method

An alternative technique used for the preparation of modified LDHs was the
calcination and rehydration method. The former method was explained in Section
4.2.2.1. For the latter method, when the solution containing the salt form of phosphate
compounds was prepared already, the 1 g of the calcined LDH was dispersed in the
phosphate solution in the reaction vessel. The pH of the solution was maintained at
pH 9 and pH 10 for the use of 1M NaOH and 2 M NH4OH, respectively. In the
reaction's period, the mixture solution was stirred continuously under the N2

atmosphere.

4.3 Particle Size Reduction of LDHs

The LDH samples were ground by an attritor (Union Process, Szegvazi Modell). The
schematic attritor is illustrated in Figure 4.3. The 20 g of LDHs was contained in a
vertical stationary tank with impellers inside it. In addition to the powder samples, the
800 g of polystyrene beads with 3 mm in diameters and isopropanol (IPA) were added
into the container, used as the ball mills and a grinding media, respectively. The
samples were milled with a speed rotation of 250 rpm at different times (1, 2 and 3 h).
After the grinding process, the IPA in the solution was evaporated by heating in the
oven at 50°C for 48 h. To compare particle size’s change, the particle sizes of both

before and after milling were measured by using a laser diffraction analysis.

Water-cooled

stationary tank

Mill ball bearings

Rotating impeller

Ball mill

Figure 4.3 The schematic of attrition milling [10].
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4.4 Preparation of Epoxy Resin Nanocomposites

The representative of polymers used in this study was the epoxy resin of DGEBA
cured by the hardeners of DDM and DDS. The proportion of epoxy resin and hardener
was different, depending on the type of hardener. The ratio of DGEBA and DDM was
100:23.9, while the ratio of DGEBA and DDS was 100:30. To evaluate the efficiency
of the modified LDHs used as the flame-retardant additives for the polymers, they
would be incorporated in the epoxy resin with variation of loading contents (1 wt %,
5 wt % and 10 wt %). The epoxy resin nanocomposites with the incorporation of
LDHSs can be prepared by two different methods: mechanical stirring and sonicated

solvent and stirring.

4.4.1 Preparation of Pristine Epoxy Resin

The chemical proportion and procedure of epoxy resin curing were followed by the
previous study [11]. The DGEBA and the hardener were weighted separately in a 250
ml of beaker and a paper cup. For the initial curing of EP, the beaker of DGEBA was
heated in an oil bath with the setting temperature at 80°C and 140°C for the curing via
the DDM and DDS, respectively. The general temperature of the oil in the bath was
higher than that of the resin in the beaker approximately 20°C. During the heating of
the epoxy resin, it was vigorously stirred by using a mechanical stirrer. The curing
agent was included in the epoxy resin. The mixture was still stirred at that temperature
until the curing agent was dissolved completely, becoming the homogeneous mixture.

During the stirring, the viscous mixture can trap the surrounding air, leading to
bubbles forming within the resin mixture. It was degassed by using a preheated
vacuum oven under the pressure of -1 bar. The degassing temperatures were 70°C and
100°C for the curing systems of the DDM and the DDS, respectively. The degassing
process was carried out until the mixture stopped bubbling. Subsequently, the resin
mixture was taken out from the vacuum oven, and then it was poured on a preheated
flat glass plate with coating a mould releasing agent (Frekote 770-NC, Loctite). The
viscous resin was thermally cured following by a curing profile that the resin was
hardened. The thermal profiles for the DDM and the DDS curing are presented in
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Figure 4.4 and 4.5, respectively. The temperatures of mixing, degassing, and initial
curing for the resin curing were also summarised in Table 4.1. The cured epoxy resins
were kept in a zip-lock plastic bag and put in a desiccator with phosphorus pentoxide
(P20s) used as a high performance of desiccant.
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Figure 4.4 The curing profile of DGEBA and DDM [11].
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Table 4.1 The summaries of the temperatures of mixing, degassing and initial curing
for the curing of DGEBA resin with the DDM and the DDS.

Data Types of hardeners
DDM DDS
Stoichiometric ratio of DGEBA and hardener 100:23.9 100:30
Mixing temperature (°C) 80 140
Degassing temperature (°C) 70 100
Initial curing temperature (°C) 70 100

4.4.2 Preparation of EP/LDHs Nanocomposites by Method of Mechanical
Stirring

After the weighing of DGEBA, LDH filler and hardener, the epoxy resin in the beaker
was stirred and applied the heat in the oil bath at the same temperature as the
preparation of the pristine EP. Then, the dried LDH was dispersed in the resin part by
stirring continuously for 1 h. After the blending, the hardener was added to the mixture
of DGEBA and LDH. The blend was mixed until the hardener was dissolved
completely. As the epoxy mixture was cloudy with the addition of LDH, it was
difficult to observe the dissolution of hardener. This step used the same mixing
conditions as the preparation of pristine epoxy resin. Further, the EP mixture was
degassed and cured in the oven, following by the pristine EP preparation. Figure 4.6
displays a schematic diagram of EP nanocomposite preparation via the mechanical

stirring.

Stirring EP Stirring mixture 1 h Stirring 15 min

| Adding LDHs
— | —

Figure 4.6 The schematic diagram of mixing among DGEBA, LDH and hardener with
the mechanical stirring.
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4.4.3 Preparation of EP/LDHs Nanocomposites by Using the Solvent,

Sonication, and Stirring

At the first step, the LDH was dispersed in an organic solvent by using a magnetic
stirrer for 10 min. The container of slurry was covered with parafilm in order to avoid
the evaporation of the solvent. In this work, the organic solvent of acetone was
employed because of the ease of evaporation. The proportion between the LDH and
acetone was 1g of the LDH to 10 ml of acetone. Then the slurry was sonicated in an
ultrasonic bath (Elmasonic S 10 (H), Fisherbrand™) at the room temperature for 1 h.
For the next step, the solution comprising the LDH was poured into the beaker of
DGEBA in the oil bath. The beaker was concealed with aluminium foil. To
homogenise the mixture, it was blended at the room temperature for 1 h. Further, the
foil was unwrapped, and the homogenised mixture was warmed at 45°C for an hour
to evaporate the acetone. After that, it was heated to 80°C to ready for the dissolving
of DDM or to 120°C for the dissolving of DDS, and the hardener was blended in the
mixture. The degassing and the curing processes were carried out the same condition
as the preparation of the pristine EP. The schematic diagram of EP nanocomposite

preparation for using the solvent and the sonication is presented Figure 4.7.

Stirring at Teom 1 h Stirring at 45°C, 1 h Stirring

Sonication, 1h
LDHs + Acetone
L —H Adding to EP ===~  Remove acetone &= ) Lt

Addingfcuring agent

Vacuum
Curing Degassing
€ == Stirring 10 min
— o= 17
=Y oo ‘ é-ilg"‘

Figure 4.7 The schematic diagram of EP/LDHs nanocomposite preparation with

using the solvent and the sonication.

4.5 Characterisations of Prepared LDHs

The characteristics of LDHs were analysed by various techniques. The crystalline

phase, the distances between the interlayer, the lattice parameter and the crystal size
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of the synthesised LDHs were determined by using the X-ray diffractometer (XRD).
Their chemical structure and thermal behaviour were analysed by the Fourier
transform infrared spectrometer (FTIR) and the thermogravimetry analyser (TGA),
respectively. The laser diffraction analyser was used for the determination of particle

sizes. The procedure of characterisation will be detailed in the below sections.

45.1 X-Ray Diffractometry

Typically, X-ray diffraction is a technique used for -characterisations of
crystallographic structure, crystal size and orientation distribution of crystalline
samples. When the incident X-rays with a monochromatic wavelength reach the
crystal planes of the sample, the X-rays are scattered with the same wavelength as the
incident x-rays. In addition, the angles (0) of the incident beam are equal to that of the
scattered beam. The scattered X-rays reflected in an X-ray diffraction pattern. [12]

The characteristic of the X-rays scattering is shown in Figure 4.8.

Figure 4.8 The schematic diagram of the incident and scattered X-rays beam on the
crystal planes of sample [12].

In this study, the crystalline patterns of LDHs were determined by the XRD
diffractometer (D2 phaser, Bruker) with an X-ray source of CuKa radiation (A=0.154
nm). The powder sample of LDH was put in a specimen holder and the height level
of sample was adjusted by using a glass slide. Then, the sample holder was brought
into the XRD machine with a slit gap of 1 mm. The XRD patterns were detected in
the 20 range of 5-70° with a step size of 0.02° and a scan speed of 3°/min. The XRD
patterns of samples were used to characterise the crystalline phases by matching with

reference data of the International Centre for Diffraction Data (ICDD) in a Sleve+
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programme. Furthermore, the XRD data can be used for the calculation of d-spacing,

lattice parameter and crystal size.

The d-spacing and the crystallite size of LDH can be calculated by using the Bragg's

and the Scherrer equation, displayed in Equation 4.2 and 4.3, respectively:

nA = 2d sin@ (4.2)
D = KA 4.3
" Bcosb (4:3)

where n is a diffraction order, A is the X-ray source wavelength, 6 is the Bragg's angle,
D is the crystal size, K is a constant (0.89), B is the full width at half maximum
intensity of the peak (FWHM).

4.5.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique correlating to
absorption of electromagnetic radiation in IR regions. There are three regions of IR:
400-10 cm™ for far IR, 4000-400 cm* for mid-IR and 14285-4000 cm™ for near IR.
When the IR form a radiation source through a sample, the IR radiation is absorbed.
As a result, it leads to vibration and rotation of functional groups in the molecule of
the sample. The vibrational mode can be classified into two transitions: stretching and
bending. The former is a change of bond length, which can be symmetry or
asymmetry. The latter is a change of bond angle, which is deformation in the same or
the opposite directions[13]

In this experiment, the FTIR spectra of samples were obtained by the FTIR
spectrometer (Frontier, Perkin Elmer) in the wavenumber range of 4000 to 400 cm'™*
with a resolution of 2 cm™. The testing procedure of the powder sample was carried
out a standard KBr pellet method. The 0.002 g of fine sample and the 0.2 g of
potassium bromide (KBr) were ground and mixed with an agate mortar. The mixture
was then transferred into a stainless-steel mould and compressed into a disk by using

a manual hydraulic press at 1 ton and 10 tons for 1min each. The homogeneous and
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transparent disk simple was taken apart by the mould and inserted in a sample holder
for the characterisation. For the liquid sample (BEHP and phytic acid), it was analysed
by an attenuated total reflectance (ATR) technique. The samples were dropped on a
diamond crystal plate.

4.5.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique measuring the change of mass as a
function of temperature under the desired atmosphere. With the elevated temperature,
the mass loss of samples can be observed from the thermogram [13]. This study used
the TGA (Pyrisl TGA, Perkin Elmer) for the characterisation of thermal behaviours
of samples. Before the testing, the sample was dried in an oven at 50°C for 24 h. The
powders or small pieces of samples were weighed in an aluminum pan and heated
between 30°C and 800°C with a heating rate of 10°C/min under the nitrogen
atmosphere at 20 ml/min. The mass loss of the sample was recorded with the change
of heating as displayed in the thermogram. Besides, the first derivatives of

thermograms (DTG) were also plotted.

4.5.4 Prediction of Structural Models of LDHs

The results of LDHs characteristics obtained from the XRD, FT-IR and TGA can be
used to predict orientations of organophosphate anions in the LDH structures. The
general factors affecting the arrangements of LDHSs are the thickness of metal
hydroxide layers and the size and orientation of anions. The general Mg/Al LDHs
possess the thickness of layers around 0.48 nm. For the size of anionic compounds,
they were measured from the molecules simulated with a software of Avogradro. The
parameters used for the structure optimisation were the Universal Force Field (UFF)
and the steepest descent algorithm. According to the data of interlayer space getting
from the XRD and the size of anions, the orientation of anions were expected. All the
data can be used to propose the structural models of the pristine LDH and the modified
LDHs.
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455 Particle Size Measurement

In the present, there are a variety of techniques used for the measurement of particle
size such as sieving, microscopy and laser diffraction. The last method is a well-
known technique for particle size measurement in industry. The principal of laser
diffraction for measurement of particle size is to a passing of monochromatic laser to
a suspension containing particles. It results in the diffraction angle, relating to the
particle size [14]. The particle sizes of the obtained LDHs were measured by a particle
size analyser (Mastersizer 3000, Malvern Analytical). The wet dispersion process was
used for the testing. The particle sample was added in the water used as a dispersant
with stirring and ultrasonic. The laser diffraction of samples was detected for the

measurement of particle size and its distribution.

4.6 Characterisations of Epoxy Resin Nanocomposites

The visual, flexural, dynamic thermal, thermal degradable and flammable properties
of the pristine EP and their nanocomposites were characterised by a microscope,
flexural tester, dynamic thermal analyser, thermogravimetric analyser and burn tester,

respectively.

4.6.1 Visual Properties

To observe the dispersion of LDHs in the resin matrix, the samples were cut, and the
sides of samples were polished with abrasive grinding papers with different grit sizes
of 240, 600, 1200 and 2500. The tops and the bottoms would not be polished. The
polished sides of samples were observed by a portable microscope with a
magnification of 1000 times.

4.6.2 Flexural test
One of the common methods used for the determination of flexural properties is a

three-point bending test. The samples were tested by the three-point bending by a
universal testing machine (TA500, Lloyd) with a 500 N load cell. According to the
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ASTM D790-17 [15], the required dimension of polymeric specimen for the flexural
testing is approximately 12.7 mm of width, 60 mm of length and 1.6 mm of thickness.
The surfaces of samples were ground by a manual grinder with using the grinding
paper of 240 grit size until they reached the desired dimension.

The drive systems of the bending machine always display a compliance, estimated by
the difference between the applied crosshead displacement and the displacement
given to the specimen. Therefore, this compliance was measured to subtract from the
test data. As a result, the corrected data had accuracy. For the procedure of
compliance, a thick steel disc was placed on the supports, and then the crosshead was
pressed slowly down to the steel. The reported data of loads and deflections was
plotted a line graph. The slope of the plotted line was used for the collection of

deflections.

For the test, the specimens were placed on two roller supports with a span of 25 mm.
The preload of 0.1 N applied to the centre of specimens. Figure 4.9 shows the
schematic of the three-point bending test. The loads and the deflections of the tested
specimens were recorded during the applied load until the specimens were fractured.
The obtained data of the deflections were corrected by using the compliance value
before the use for calculation. The flexural stress and modulus of elasticity were

calculated by using the corrected data, followed by Equation 4.4 and 4.5, respectively.

J
| |

] ]

| }
L
Figure 4.9 The schematic of the three-point bending test.
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Where o is the flexural stress (MPa), P is the load given on the curve of load-
deflection (N), L is support span (mm), b is the width of the specimen (mm), d is the
thickness of specimen (mm), Eg is the modulus of elasticity (MPa), m is an initial

slope of the load-deflection curve in the straight line (N/mm).

4.6.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) characterises the mechanical properties of a
specimen as a function of temperature. A sinusoidal oscillating force applied to the

specimen, corresponding to the stress as followed by Equation 4.6:
o(t) = OpaxSinwt (4.6)

where o(t) is the stress at a time (t), 6max is the maximum stress and o is the frequency
(f) of oscillation that is equal to 2nf. The applied force resulted in the displacement,

determining the strain (€). The ratio of stress to strain was Young's modulus (E). [16]

For the materials with the imperfect elasticity, the measured strain responds slowly to
the applied stress by the phase difference (), as illustrated in Figure 4.10. The ratio
of the peak stress and the peak strain provides the complex modulus consisting of the
storage modulus (E") and the loss modulus (E"). The storage modulus derives from the
applied stress, correlating to the elastic section of materials. Meanwhile, the loss
modulus results from the differentiated strain, representing the viscous behaviour of
materials. The mechanical dumping factor (tan 6) can be derived from the ratio of E"
to E', as present in Equation 4.7. The tan 9 is an analysis of deformational energy with

heating. [16]

] applied stress
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Figure 4.10 The relative diagram of the applied stress and the measured strain during

dynamic mechanical testing [16].
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n

Tané = i (4.7)
The dynamic mechanical properties of the cured polymers were analysed by the DMA
(DMAB8O000, Perkin Elmer). The samples were tested in a geometry mode of single
cantilever bending, which is the mode used for polymeric bar samples. Figure 4.11
shows the schematic geometry mode of single cantilever bending. The cast samples
were cut by a tile saw and ground by a grinder with using a grinding paper of P240 to
get the dimensions of 10 mm width, 30 mm length and 1.5 mm thickness. Due to the

manual process, the dimensions of samples varied between 0.2 mm.

<«4— Sample

Fixed clamp —»

<«4— Drive shaft

Figure 4.11 The schematic single cantilever bending mode [16].

Most of the beta and gamma transitions of polymers show at the lower room
temperature. Thus, the study of dynamic mechanical properties was operated in the
range of cooling temperature and high temperature. For the cooling system, liquid

nitrogen was used as a cooling agent because it can cool down to -190°C.

The samples were run in the temperature scan mode (-190°C to 300°C) with a heating
rate of 3°C/min. The tests occurred under a displacement of 0.05 mm and a multi-
frequency of 1, 5, 10 and 50 Hz. The two specimens of each sample were repeated for

the tests. The obtained results were averaged and plotted by the OriginPro software.

Moreover, the data of storage modulus in the rubbery state was used to calculate the

crosslink density (vc) in the sample by following an Equation 4.8,

El,kubbery
= — 4.8
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where E' rubbery is the storage modulus at the temperature above the T4 at 30°C, T is

Tg+30 and R is a universal gas constant [17].

4.6.4 Thermogravimetric Analysis

The thermal stabilities of the pristine EP and their nanocomposites with the loading
of LDHs were analysed by TGA. The small pieces of the samples were employed for
the characterisation. The testing conditions were the same as the LDHs, i.e. the
temperature range of 30°C to 800°C with the heating rate of 10°C/min under the N>

or air.

4.6.5 Burning Test

According to the Section 3.6 in the Chapter 3, it was found that the cone calorimetry
was the main technique used considerably to investigate the burning behaviors of
polymers. This technique reflected the phenomenon of combustion such as heat
release rate (HRR), total heat released (THR), time to ignition (TTI), time of
combustion (TOC) and total smoke released (TSR). It was the best technique for the
characterisation of burning test, thereby this study has planned to use a cone
calorimeter at the University of Bolton for the test.

In the early 2020, there has been the COVID-19 pandemic across the UK. The
Government announced the national lockdown a long period of time to stop the spread
of COVID-19. It has impacted the close contact with anyone and the travelling. From
these reasons, the plan of burning test with the cone calorimeter at the University of
Bolton were cancelled. Therefore, this work looked for an alternative technique for

the estimation of combustion behaviors.

The literature review in the Section 3.5.2.2 presented the relatives between the results
obtained from the cone calorimeter test and the Underwriters Laboratories (UL-94)
test. In the former, the materials with high flame retardancy provided the reduction of
TTI and peak of HRR (PHRR) and the increase of time to PHRR and char residue,
compared to the flammable materials. For the later, the TTI and burning time
decreased for materials with high flame retardancy that did not display the flame
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dripping during the test. From the relating results of both the combustion test, the UL-
94 test was selected to characterise the burning behaviours in this study, replacing the

cone calorimeter test.

Fire behaviours of samples were estimated by the UL-94 in the horizontal and vertical
positions. The ASTM:D635 is for the burning test in the horizontal direction [18] and
the ASTM:D3801 is for the burning test in the vertical direction [19]. Figure 4.12 and
4.13 present the schematic setups of both tests, respectively. The dimension of
specimens for the tests was 125 mm x 13 mm x 3 mm. The five specimens in each

sample were run and averaged.

| 100 + 1

<—— Test flame

Burner
—

25+1
Test specimen
/ | —| |=— Approx. 6

Wire gauze
Approx. 45°

Figure 4.12 Schematic of flammability test in horizontal direction [18].
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Figure 4.13 Schematic of flammability test in vertical direction [19].

For the testing in horizontal position, the specimens were marked with two lines
perpendicular to the length of strip bars from the ends of 25 mm and 100 mm. The
specimen was clamped with another side without the mark. The flame from a burner
applied to the free end of the specimen for 30 s at the same position. Then, the burner
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was moved out of the specimen. It could be burned until it reached to the first reference
mark. The time of burning (t) in the unit of second was recorded by a timer. The
burning was carried out until it stopped. The burned length (L) in mm was measured.
From the obtained data, they were used for a calculation of burning rate (V).

y= SOL (4.7)

t

However, if the burning cannot approach the first reference line after the flame is
removed, the flammability test in horizontal direction may not be suitable for the
sample.

For the test in vertical position, the clamped specimen was ignited at the bottom by
applying the flame for 10 s, and then it was to move away from the specimen. As a
result, the specimen continued to burn. The burn time after moving the burner was
recorded (t1). When the burn stops, the second flame was applied immediately to the
specimen for 10 s. Then, the burner was removed, and the burned time was recorded
(t2). Besides, the flame burning behaviours and the flame dripping of the specimen

were observed.

Meanwhile, the test in vertical position is used for the classification of flammability
of materials into three groups: V-0, V-1 and V-2. The criteria of each class are
presented in Table 4.2

Table 4.2 Criteria and classification of vertical burning behaviour following by
ASTM:D3801 [20].

) Categories
Requirement

V-0 V-1 V-2
t, for each specimen <10s <30s <30s
T, for each specimen <30s <60s <60s
Total time of t; and t, for five specimens <50s <250s <250s
Burning processes to the holding clamp No No No
Dropping of flame particles No No Yes
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4.7 Summary

This chapter described the preparing procedure of the pristine LDHs and LDHSs
modified with the organophosphate anions, namely the BEHP, Phy, GP and DPP. The
obtained LDHs were analysed the crystalline characteristics, chemical structure and
thermal behaviours by the XRD, FTIR and TGA, respectively. To reduce the particle
size of the LDHs, they were ground by the attriton mill. And then, there was the

analysis of particle size of LDHSs by the particle size analyser.

The LDHs were used as the fillers for the EP nanocomposites in the curing system of
DDM and DDS. The EP nanocomposites contained the 1, 5 and 10 wt%. of LDHs.
Besides, the pure EPs were prepared to compare the properties with their
nanocomposites. All the cured epoxy samples were observed in the visual cross-
section characteristics by the microscope. The influences of LDHs loadings on the
flexural, dynamic thermal and thermal properties were tested by the three-point

bending tester, DMA and TGA, respectively.

Additionally, the most crucial test in the research was the burning test to estimate the
flammability of the cured samples. The pure EPs and their nanocomposites containing
the pristine LDHs and the modified LDHs were tested the burning in the horizontal
and vertical position. The results of LDHSs characterisation were discussed in Chapter
5. Meanwhile, the characteristics of EP/LDHs nanocomposites cured with the DDM
and DDS were evaluated in Chapter 6 and 7, respectively.
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Chapter 5 Synthesis and Characterisation of LDHs

This chapter focuses on the preparation of layered double hydroxides (LDHS) via the
co-precipitation and the rehydration methods. The first section presents the results of
pristine LDHSs preparation with variations of pH, ageing time and bases. The later
section discusses the preparation of LDHs modified with various organophosphate
ester-based anions. All the LDHSs are characterised crystalline structure, chemical
structures, thermal stability with proper instruments. Besides, the data obtained from
the characterisations of LDHs and the structural simulation of anionic compounds are
used for speculation of LDHs structural models. The last section provided the effect

of LDHs milling on the particle size.

5.1 Preparation of LDHSs by the Co-precipitation

During the co-precipitation for the LDH synthesis, the white insoluble solids were
produced immediately after adding the small drops of the mixed metal nitrate salt
solutions comprising the magnesium nitrate Mg(NO3), and aluminium nitrate
Al(NO3)3 to the base solution of sodium hydroxide (NaOH). It was assumed that the
insoluble solids produced from the co-precipitation process were magnesium
dihydroxide (Mg(OH)2) and aluminium trihydroxide (Al(OH)s).

Since Mg(NOs)2 and AI(NOs)s used as the reactants for the LDH synthesis were
soluble in water, the aqueous solution contained the ions of Mg?*, AI**, NOs", Na* and
OH". Generally, the positively charged cation interacts with the negative charge in
anion to form an ionic compound. In this experiment, the possible ionic interactions
were the Mg?* and AI®* with the OH™ and the Na* with the NOs". According to the
solubility guideline for ionic compounds, most metal hydroxides are insoluble in
water, while the nitrates of alkali metal cations can dissolve in water [1]. Hence, the
Mg(OH). and Al(OH)s suspended in the aqueous solution, and the sodium nitrate
(NaNO3) was soluble in there. For the solid of AI(OH)3, it can rearrange the structure
to boehmite (AIOOH) during the co-precipitation [2]. The balance equations for the
precipitation reactions present in Equation 5.1-5.3.

Mg(NO3); (aq) + 2NaOH (aq) —— > Mg(OH), (s) + 2NaNOj (aq) (5.1)

Al(NOj)3 (aq) + 3NaOH (aqg — > Al(OH); (s) + 3NaNOj; (aq) (5.2)
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Al(OH); sy <—> AIOOH (s) + H,0 (1) (5.3)

As mentioned in Chapter 3 of the literature review, there were two different concepts
of LDH formation mechanisms. A few studies suggested that the Mg(OH). formed
the layer structure of brucite in the early step, and then the AIOOH diffused in the
layers. It contributed to the replacement of some Mg(OH). with the AIOOH. This
circumstance led to the unbalance of charges on the layered structure. Thus, the anions
in the solution, e.g., NOs™ and/or other desired anions, combined to the cations of metal
hydroxide layers [3, 4].

On the other hand, the previous study claimed that the layers of AIOOH produced in
the initial co-precipitation process, then the Mg?* cations were adsorbed and diffused
into the boehmite lamellae. This action affected the unbalancing charges of layers. It
caused an attachment of anionic compounds to the cationic lamellae. The product in
the stage was the low crystalline LDHs. To increase the crystallinity, the LDHs were
aged in the solution for the desired time [2]. This thesis also studied the effect of aging

times on LDH formation. It will be discussed in the following section.

After the crystallisation process, the precipitate was separated from the solution by
the filtration. The residue was washed with the decarbonised and distilled water until
the pH of the filtrate was neutral. It was then dried in the oven. The characteristic of
the dried sample was a white flaky solid. The LDH was ground using the mortar to
reduce the particle size and then was sieved to separate particles' sizes. The analysis
of LDHs used the synthesised sample with a particle size of fewer than 100 um. All
the prepared LDH samples were stored in small glass vials. They should not keep in
the desiccator because the high active desiccant (P20s) might remove the water
molecules in the LDH structures. Therefore, they were kept in the cupboard at the

room temperature.
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5.2 Characterisation of Pristine LDHs Prepared by the Method of

Co-precipitation

To determine the optimum conditions for the LDH preparation via the co-precipitation
method, the pristine LDHs, which were unmodified by the organic compounds, were
prepared in the various aging conditions (pH and time) and the different precipitating
agents. The charateristics of LDHs were analysed by the x-ray diffractometry (XRD),
fourier transform infrared (FTIR) and thermogravimetry analysis (TGA). As the
procedure of pristine LDH followed to the previous study, the obtained result was the
LDH intercalated with nitrate. Therefore, the initial experiment was aiming the nitrate
intercalated LDH as the pristine LDH.

5.2.1 Effect of pH on the Formation of LDHs

For the preparation of LDHs with the co-precipitation method under the N
atmosphere, the solution of the mixed metal salts was added to the base solution. The
combination of both solutions resulted in the formation of the white precipitated solid
and the reduction of the pH value in the solution. The mixture solution's pH remained
at the desired pH (9, 10. 11 and 12) by adding the 1M NaOH under the controlled
conditions at 60°C for 24 h. The XRD patterns of LDH samples prepared in different
pH are shown in Figure 5.1. It can be seen that the peak positions did not change with
increasing the pH. Hence, the variation of pH did not affect the crystalline phases of

samples.
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[ntensity (a.u.)

2 Theta (Degree)
Figure 5.1 The XRD patterns of pristine Mg/Al LDHs synthesised at 60°C for 24 h
in the different aging pH.

As the identification of crystalline phases by using the reference databases of the
International Centre for Difference Data (ICDD), the patterns of samples matched
with a crystal structure of magnesium aluminium carbonate hydroxide hydrate with
the chemical formula of Mgo.s3Alo.17(CO3)0.08(OH)2(H20)0.75 (the powder diffraction
file number: 04-015-1683). Figure 5.2 compares the XRD patterns of the LDH sample
prepared at pH 10 with the LDH reference. The peak positions of the synthesised
samples (red line) shifted slightly from the database reference (blue line). It might
result from the orientation of imperfect crystals in the synthesised samples including

the lower purity of crystals.
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Figure 5.2 The comparison of XRD patterns between the LDH synthesised at pH10
and 60°C for 24 h and the PDF number 04-015-1683.
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Although the peak position of the LDH sample was shifting from the reference LDH,
the LDH sample's three first strongest peaks (20 = 11.33°, 22.71° and 34.49°) matched
this reference database. From the above XRD results, it indicated that the crystalline
phase of obtained samples was the layers of magnesium and aluminium hydroxide
with the intercalation of carbonate anions in the interlayer area. The diffraction

characteristics of the reference database are presented in Table 5.1.

Table 5.1 The XRD characteristics of the Mgo.s3Alo.17(C0O3)0.08(OH)2(H20)0.75, PDF
card number 04-015-1683.

20 d (nm) (I/15) x 100 * h K |
11.15 0.79 100 0 0 3
22.41 0.40 44.9 0 0 6
34.42 0.26 23.7 0 0 9
38.66 0.23 25.8 0 1 5
45.65 0.20 28.0 0 1 8
60.01 0.15 7.40 1 1 0
61.25 0.15 9.71 1 1 3

* Remark: | is an intensity of diffraction peak
Is is an intensity of the strongest diffraction peak

Following the previous literature on the characterisation of LDHSs, the distance of one
layer to one adjacent interlayer space (d-spacing) at the lowest 26 the (003) reflection
of LDHs can determine anion type intercalated in the interlayer space. The LDH with
d-spacing around 0.78 nm is assigned to the intercalation of CO3? anions between the
layers of metal hydroxides [5, 6]. In the experiment, the d-spacing of samples at the
lowest peak position (20 around 11.6°) was approximate 0.76 nm, as presented in
Table 5.2. The expected value of d-spacing was 0.87 nm, which was the characteristic
of nitrate intercalation. Nevertheless, the d-spacing values of the synthesised LDHs
were almost equivalent to the results in the previous studies. It was the characteristic
of the carbonate anions intercalated between the metal hydroxide layers of LDHS.
Thus, this implied that there was the intercalation of COs? in the interlayer galleries.
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Table 5.2 The peak positions and the d-spacing at the (003) plain of the LDHs

prepared in the different pH values.

Sample 260 (°) d(003) (nm) Anion
LDH-pH9 11.60 0.76 COs*
LDH-pH10 11.37 0.78 COs*
LDH-pH11 11.60 0.76 COs*
LDH-pH12 11.60 0.76 COs*

Considering the FTIR spectra of LDHs in Figure 5.3, all the spectra presented bands
at 3443, 1637, 1382, 836, 671, 550 and 450 cm™. The broad peak in the region of
3700-3300 cm™, centred around 3443 cm™, was attributed to the O-H stretching
vibration in the metal hydroxide layers and the interlayer water molecules. The
shoulder band at around 3065 cm™ could be assigned to the interaction between the
water molecules and the carbonate anions in the interlayer gallery, particular hydrogen
bonds. This position can be observed in the samples, especially at the high pH 11 and
pH 12. The characteristic of the O-H bending in the water molecules presented at 1637
cm®. The metal and oxygen interaction (M-O and O-M-0) in the metal hydroxide
layers was reflected in the band range of 800 to 450 cm™ [7, 8].
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Figure 5.3 The FTIR spectra of inorganic anion intercalated Mg/Al LDHs
synthesised at 60°C for 24 h in the different aging pH.
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Due to the carbonate intercalated LDHs, the characteristic spectra of samples provided
three modes of IR active bands of COs?. The asymmetric stretching mode (vs),
bending non-planar mode (v2) and bending angular mode (v4) were displayed at 1382,
836 and 671 cm™, respectively [9]. The increase in pH values reduced the sharpness
of the band at 1382 cm™. It might occur an increase of carbonate volume in the LDHs
at the higher pH.

However, the anion type intercalated in the LDHSs differed from the prior research,
prepared with the same synthesis procedure and chemical proportions. From the
results of the LDH synthesis of Hang et al., the d-spacing of (003) in the XRD pattern
was 0.81 nm and the strong transmittance peak at 1383 cm™ in the IR spectrum. This
evidence presented the existence of nitrate anions in the interlayer spacing of LDH
[10]. Thus, the ambient conditions of LDH synthesis were contamination with

carbonates.

Even though there was the flowing of the inert gas in the reaction vessel through the
synthesis, it might not be sufficient to exclude CO2 and/COs? from the experimental
conditions. The toxic carbonate sources might come from either the distilled water or
the NaOH pellets used to prepare LDHSs or both. The next section will present and
discuss the influence of decarbonation in both sources on the formation of LDHs.

Overall, the preparation of the pristine LDH under the flowing N2 provided the
carbonate in the LDH structure. This experiment followed a previously published
procedure that the result obtained from the prior study was the nitrate intercalated
LDH [10]. It was noticeable that the result of the experiment was dissimilar to the
previous research although there was the resemblance of preparing procedure between
both. This state that the carbonate might contaminate within the synthesising
conditions. Inthe prior study, it did not give advice about decarbonation in the process
of LDH synthesis. Two possibilities of carbonate sources were the distilled water and
the NaOH pellets used for the LDH synthesis.

5.2.2 Effect of Decarbonation on Formation of LDHs
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Due to the high affinity of COs? ions, if it exists in the preparing system of LDH, it
will disrupt the intercalation of desire anions with the low affinity. Therefore, the
exclusion of carbonate from the synthesised system is necessary for the preparation
of LDHs. The general method used to eliminate carbonate in the reaction system is

to the flow of N2 gas to the reaction vessel through the synthesis process. [11]

According to the XRD and FTIR consequences in the previous section, the pristine
LDHs prepared under the N2 atmosphere possessed the intercalation of carbonate
anions in the interlayer galleries. Theoretically, the CO3% should not display in the
structure of LDHSs. These results indicated that there was contamination of the toxic
species in the system of LDH synthesis. The sources of CO2 and/or CO32 might be in
the distilled water and the NaOH pellets applied to prepare LDHs.

The first assumption was the existence of COz in the used water. Considering the
electronegativities of CO. and H.O, the former is non-polar, whereas the latter is
polar. However, the oxygen atoms in CO2 belong to high electronegativity that
produces the small polarity within the CO2 molecule. In the principal theory of
solubility, it is that like dissolves like. The chemicals with a resemblance of chemical
characteristics can dissolve in each other. As both CO> and HO are polar, one can
dissolve in the other [12]. The reversible reaction of both molecules is presented in

Equation 5.4. The by-product of this reaction is carbonic acid (H.COg) [13].

COz () + HO () <«——> H,CO;3 (aq) (5.4)

The eradication of CO- dissolved in the distilled water could be carried out by using
the vacuum oven. The water was vacuumed under low pressure at room temperature.
During the vacuuming process, it could observe the bubbling in water that the bubbles
were probably dissolved CO:z boiling off. This process was conducted continuously
until the disappearance of gas bubbles in the vacuumed water. The pH of the water
was measured both before and after the vacuuming process. It was found that the pH
values elevated slightly from 6.02 for the before vacuum to 6.82 for the after vacuum.
This result was likely to reduce the carbonic acid concentration produced from the
dissolution of CO- in water. Thus, the vacuum of water might be able to take the CO>
gas out of the water.
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After the decarbonation of the distilled water, it was utilized for the synthesis of
pristine LDH with aging at pH 9 and 60°C for 24h. The LDH sample was precipitated
by using the NaOH solution. With the observation of the XRD pattern in Figure 5.4,
the peak positions of the (003) reflections in the sample (red line) presented at 10.04°
with the d-spacing of (003) of 0.88 nm. The prior studies reported that the LDHs with
the d(003) of 0.88 nm obtained the intercalation of nitrate anions in the interlayer area
[14, 15].
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Figure 5.4 The XRD patterns of Mg/Al LDHs prepared at pH 9 and 60°C for 24 h in

the different decarbonation process.

Moreover, the identification of the crystalline phase of the sample using N2 and the
decarbonated water confirmed the intercalation of NO3™ species in the LDH structure.
The diffraction pattern of the sample was related to the crystalline phase of
Mgo.73Al0.27(OH)2(NO3)o.27:0.5H20 (PDF Number: 00-062-0583), as presented in
Figure 5.5. The diffraction characteristics of the Mg/Al LDH-NOs reference database
is provided in Table 5.3. The results indicated that the vacuum of distilled water could
exclude the CO: in the water, reducing carbonate poisoning in the synthesis process
of LDH.
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Figure 5.5 The comparison of XRD patterns between the LDH prepared by using the

N2 and the carbonised water and the reference databases.

Table 5.3 The XRD characteristics of Mgo.73Alo.27(OH)2(NO3)o.27:0.5H20 with the
PDF Number: 00-062-0583.

20 d (nm) (I/15) x 100 * h K |
10.217 0.8651 100 0 0 3
20.207 0.4391 54 0 0 6
34.605 0.2590 35 0 1 2
38.525 0.2335 19 0 1 5
45.234 0.2003 10 0 1 8
60.590 0.1527 42 1 1 0
61.708 0.1502 25 1 1 3

* Remark: | is an intensity of diffraction peak
s is an intensity of the strongest diffraction peak

However, the peaks of (003) and (006) reflections still showed their shoulder peaks
that were the same position as the LDH intercalated with the CO3? anions (the black
line in Figure 5.4). It seemed that a small amount of CO3* existed in the LDH
preparing system. The NaOH pellets were one of the carbonate source assumptions

due to their impurity in containing the Na,COs.

This study attempted to purify NaOH with the preparation of 50 wt% NaOH and left
it for three weeks. Subsequently, the high concentration of 50 wt% NaOH diluted to
1M NaOH in the aqueous solution for use in the LDH preparation. The diffraction

pattern of the LDH prepared under N2 flowing and using the purified water and NaOH
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is presented in a blue line of Figure 5.4. It can be seen that there was a similarity of
the XRD pattern of LDH synthesised by the use of N2 and the decarbonised water (the
red line in Figure 5.4). This result demonstrated the appearance of CO3? anions in the
LDH.

From the observation in the 50 wt% NaOH solution after the preparation for three
weeks, it could observe the small white particles settle in the bottom of the solution
and suspended in the solution. The insoluble particles in the aqueous solution might
be particles of NaCOs produced at the high concentration of NaOH. The
contamination of Na2COs in the LDH synthesis could occur during the transferring of
50 wt% NaOH to prepare the diluted NaOH solution. This process was complicated
for the separation of the suspended small particles from the solution. However, when
the use of the highly concentrated NaOH solution extended the leaving time to another
two weeks, the XRD pattern of the sample displayed the reduction of crystalline peaks
corresponding to carbonate interaction (the green line in Figure 5.4). The main

intercalating anions in the LDH were nitrate anions.

The results indicated that the vacuuming process was adequate for the removal of CO>
in the water. The pristine LDHs presented the nitrate anions intercalated the metal
hydroxide layers. However, the small amounts of carbonate anions still contaminated
between the interlayers. Additionally, the water's degassing in the vacuum oven might
damage the vacuum pump because of some vapour water through the pump. Thus, the

vacuum of the water may be not suitable for decarbonisation.

This study improved the distilled water decarbonation using the rotary evaporator
(rotovap) under the pressure of 300 mbar at 80°C. With the efficiency comparison
between the vacuum oven and the rotovap, the pH of water after using the rotavap for
20 min (pH = 7.15) was slightly higher than that after using the vacuum oven (pH =
6.82). This evidence can be believed that the rotary evaporation was more effective
than the vacuum for the removal of carbon dioxide dissolved in the water. It was worth
noting that the pH of distilled water after using the rotovap was more than 7 that the
pH of pure water is equal to 7. Basically, distilled water is water purified by boiling
and condensation. These processes can separate inorganic compounds and non-

volatile organic molecules from the water. The pH of water measured from the
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experiment was little higher 7 that might be a calibration error of pH meter. However,

the calibration result was acceptable.

Considering the XRD pattern of the pristine LDH prepared by using the water
decarbonated by the rotovap and the purified NaOH (the red line of Figure 5.6), the
diffraction pattern showed the crystalline planes of (003) and (006) at 10.04° and
20.07°, respectively. This pattern was the crystalline characteristic of nitrate anions
intercalated LDH without the intermediate of carbonate anions. Both the shoulder
peaks did not present in the XRD pattern with using the rotovap, but they could be
observed with using the vacuum oven (the black line of Figure 5.6). This circumstance

established that the decarbonation of water using the rotovap was more effective than

the vacuum oven.
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Figure 5.6 The XRD patterns of the unmodified LDHs prepared by using

the vacuumed oven and the rotovap.

The differences of two decarbonation methods were the temperature and pressure. The
water decarbonated with the rotovap was applied the heat under the pressure of 0.3
bar, whereas the decarbonation of water with using the vacuum oven was carried out

at the room temperature in the lower atmospheric pressure of 1 bar. In general, the gas
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solubility in liquids reduce as high temperature, low pressure or both. Therefore, the
amount of CO2 gas dissolved in the water removed with the rotovap was more than
that with the vacuuming process. Besides, the decarbonation of water with the vacuum
oven did not apply the heat. As the water heated in the oven would result in the
evaporation of water, affecting the damage of vacuum pump. Hence, the suitable
method for the decarbonation of water was the use of rotovap with applying the heat

and pressure.

Overall, the experimental condition of LDH synthesis should be without the
contamination of CO, and/or CO3? since the carbonate anions providing high affinity
can easily combine with the cations of the metal hydroxide layers. In the process of
LDH synthesis, the purged N> gas, the decarbonated water, and the purified NaOH
dramatically reduced the toxicity of carbonate. Thus, all the three operations were

carried out in the further experiment to reduce carbonate contamination risk.

5.2.3 Effect of pH on Formation of LDHs Prepared under Decarbonated
System

5.2.3.1 Precipitation with the NaOH Solution

The experiment of pH variations was repeated using the decarbonised and distilled
water and the purified NaOH in the synthesis process. The diffraction patterns of new
LDH samples prepared with the different pH values are shown in Figure 5.7. All the
samples presented at the same peak positions in the 2 Theta range of 25-70°,
attributing to the metal hydroxide layer structure of LDHs. On the contrary, there was
the distinction of reflections between 10° and 25° with the variation of pH correlating
with the anion types in the interlayer galleries of LDHs. These results implied that the
pH had no effect on the layer structure formation but affected the types of anions

intercalated in the metal hydroxide lamellae.
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Figure 5.7 The XRD patterns of inorganic anion intercalated Mg/Al LDHs in
the different pH precipitated using the NaOH solution.

Observing Figure 5.7, it can be seen that there were similar to the XRD patterns of
LDHs prepared at pH 8-9 and pH 10-12. The samples prepared at pH 8 and 9 provided
the (003) and (006) reflection at 10.04° and 20.50°, respectively. The diffractions were
the characteristics of the LDHSs intercalated with the nitrate groups in the interlayers
[14, 15]. However, the peak intensity of pH 9 was higher than that of pH8, presenting
the increase of LDH crystallinity. For the higher pH, the (003) and (006) reflections
of LDHs synthesised at pH 10, 11 and 12 displayed approximate 11.60° and 23.18°,
respectively. The results insisted on the intercalation of carbonate in the LDHs
prepared under the high pH values [14, 15]. Table 5.4. reports the peak positions and
the d-spacing of (003) and (006) reflection in each sample prepared with the various
pH. From the results, it was found that the nitrate forms were substituted for the

carbonate forms with the increase of pH.
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Table 5.4 The 26 positions and the d-spacing of LDH samples prepared under the
decarbonated processes and the varied pH with the NaOH solution.
Sample 26 (003) (°) d(003) (nm) 26 (006) (°) d (006) (nm) Anion

pH8 10.20 0.87 20.07 0.44 NO3"
pH9 10.04 0.88 20.50 0.43 NO3"
pH10 11.68 0.76 23.42 0.38 COs*
pH11 11.76 0.75 23.45 0.38 COs*
pH12 11.60 0.76 23.18 0.38 COs*

These consequences were in agreement with the study of Li et al. [16], described in
Chapter 3. The previous research reported that the crystalline phase's transformation
from the NO3™ to the CO3? took place with the preparation of LDHs under the higher
pH conditions (pH 8-13). According to the equilibrium reactions of CO2 in water in
Equation 5.4, it transferred to the H2COs, which was the acid form. The H.CO3
decomposed to the ions of H* and HCO3™ (Equation 5.5), and the HCO3 decomposed
to the ions of H* and CO3s> (Equation 5.6). The acid ionisation constants of both

equations show in Equation 5.7 and 5.8, respectively. From the Equation 5.8, the [H*]

[HCO3]
[CO57]

5.9.

is X 10710329 |n theory, the pH value of a solution is determined by Equation

CO, + H,O «—— H  + HCOy (5.9)
HCO; «— H" + CO3* (5.6)

. (HCO;")-[H'] 6.352 . 7
K. W 1076332 mol/L (5 )
. [(‘()5:‘]' “I‘] .10.329 «r 5 8
K. —||I('()5'] 10 moi’L (5.8)
pH = —log [H*] (5.9)

The replacement of [H*] in the above equation was provided in Equation 5.10 and
5.11.
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pH = _10g([[§g§’§]]) x 10-10329 (5.10)
pH = —log[HCO3] + log[CO%~] + 10.329 (5.11)

Considering Equation 5.11, it can be seen that the pH value is a direct variation with
the concentration of CO3?". This cause resulted in a large amount of carbonate in the
aqueous solution at the high pH. Therefore, the preparation of LDHs under the high
pH (>9) attributed to the carbonate forms in the LDHSs. Furthermore, the peak intensity
of diffraction increased considerably with the increase of pH, demonstrating the
increase of LDH crystallinity, especially at pH 12. This study supported the previous
researches [17, 18].

For the crystalline phase of LDH intercalated with the nitrate, it matched with a phase
of Mgo.73Al027(OH)2(NO3)o.27:0.5H20 (PDF card number: 00-062-0583). The
empirical formulae of synthesised LDH differed from the other studies, as shown in
Table 5.5. The causes of difference might occur the proportion of chemicals, the
arrangement of atoms and the maintained conditions of, e.g., pH, temperature and

time.

Table 5.5 The comparison of Mg/Al LDH chemical formulae synthesised in this work

with the previous studies.

Chemical formula PDF number Reference
Mgo.73Al0.27(OH)2(NO3)o.27:0.5H20 00-062-0583 This study
Mgo.66Al0.33(OH)2(NO3)0.33-nH20 N/A [19]
Mgo.68Alo.32(OH)2(NO3)o.32:1.2H20 N/A [20]

From the above results, the pH contributing to the formation of carbonate was not
selected for the synthesis of LDHSs. If the system of LDH preparation contaminates
carbon dioxide or carbonate, it will obstruct the intercalation of desired anion with the
lower affinity than the carbonate. Thus, the pH 9 adjusted with the NaOH solution
was the most suitable for the LDH synthesis since it could induce the nitrate forms
and the high crystallinity.
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5.2.3.2 Precipitation with the NH4OH Solution

The optional precipitating agent used for the preparation of LDHs by the co-
precipitation was the NHsOH solution. The chemical reactions between the metal
nitrate salts and the NH4OH were displayed in Equation 5.12 and 5.13. The products
generated from the reactions were the hydroxide forms of metals. Afterwards, these
metal hydroxides would form the structural layers. The mechanism of LDH formation

was similar to the preparation with the NaOH solution.
5.12

AI(NO3); (aq) + 3NH,OH (aQ) ——— AI(OH); (s) + 3NH,NO; (aq) (5.13)
During the reaction, the pH of the mixture solution was maintained at 7, 8, 9 and 10
by adding the NH4OH solution. The X-ray diffractions of these samples are presented
in Figure 5.8. All the patterns showed the characteristic peaks of layered magnesium
and aluminium hydroxide with the intercalation of nitrate species between the layers
due to the presence of lowest peak position at 26 of 10.02. Additionally, the sharpness
of diffraction peaks increased with the rise of pH, particularly at pH 10; these results

related to the other works [14, 15].
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Figure 5.8 The XRD patterns of pristine Mg/Al LDHs in the different pH

precipitated using the NH4OH solution.
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Nevertheless, the sample at pH 7 included the nitrate intercalated LDH phase and the
crystalline phase of aluminium hydroxide (AlI(OH)3), correlated to the reference
database with the PDF number 00-038-0376. Figure 5.9 exhibits the comparison of
the sample's diffraction patterns at pH 7 with that of the reference databases. This
study indicated that the pH 7 maintained by adding NH4OH solution was not proper

for forming a single LDH crystal.

— LDH prepared in NH,OH at pH7
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Figure 5.9 The comparison of XRD patterns of the sample prepared in the NH4sOH
at pH 7 and the reference databases.

By the comparison of the LDHSs prepared with the different precipitating agents, the
use of NaOH solution could induce the partial carbonate forms, while the use of
NH4OH solution provided the intercalation of nitrate. These results were consistent
with Olanrewaju et al. [15], who reported using NH4OH solution to prepare the
anionic intercalated LDHs. The NH4OH solution induced the nitrate forms in the
LDHSs under the conditions without the decarbonation in the used water. The strong
base may affect the dissolution of CO; in the base solution. It was well known that
NaOH is a strong base, whereas NH4OH is a weak base. Thus, NaOH can be more
active in interaction with CO2 than NH4sOH [21]. This reason might cause the

existence of CO> in the NaOH solution.

To sum up, the results of this study confirmed that the pH influenced the LDH
formation. Using the NaOH solution as the precipitating agent, the preparation of
LDHs under the pH < 9 provided the nitrated forms intercalated in the interlayer
galleries, whereas that under the pH > 9 generated the replacement of nitrate forms

with the carbonate forms. On the contrary, the intercalated nitrate anions were in the
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LDH with using the precipitating agent of NH4OH solution. The synthesis of LDH at
pH 10 under the NH4OH condition provided the highest phase crystallinity. Therefore,
the optimum pH for the LDH preparation was at pH 9 for NaOH solution and pH 10
for applying the NH4OH solution.

5.2.4 Effect of Aging time on Formation of LDHSs

5.2.4.1 Precipitation with NaOH Solution

In the LDH preparation process using the NaOH, the mixture solution containing the
metal salts and the alkaline solution was aged under pH 9 at 60°C. This work carried
out the determination of optimum aging time for the LDH synthesis. The aging time
was varied at 5, 10, 15 and 24 h. The X-ray diffraction patterns of samples with the
variation of treatment times were shown in Figure 5.10. It was found that the longer
aging time resulted in the increase of peak sharpness and intensity. The aging for 24
h provided the highest sharpness and intensity of peaks. However, there was not a
difference of crystalline peak positions with the variation of aging times. The (003)
reflections of all samples exhibited at the 26 of 10° with the d-spacing of 0.87 nm.
These results were the characteristics of the nitrate forms in the LDHSs. It was the
positive consequence for the preparation of LDHs with the majority intercalation of

nitrate anions in the interlayers.
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Figure 5.10 The XRD patterns of MgAl LDHSs with the variation of aging times

under the NaOH solution at pH 9 and 60°C.

Regarding the lattice constants of LDH crystals, the a and ¢ parameters can be
calculated by using the d-spacing of (110) and (003), respectively. The literature
pointed out the correlation between the d-spacing and lattice parameter, as presented
in Equation 5.14 and 5.15. The lattice parameter of a represents the distance between
two metal ions in the layers, which is equal to 2d(110). In the case of the lattice
parameter of c, it can refer to the distance in the c direction of crystals. The ¢ parameter
depends on the thickness of metal hydroxide layers, the size and orientation of
interlayer anions, and the water contents. The ¢ value is equivalent to the d(003)

multiplied by the ordering number (n) of hydroxide layers [6].

a= 24d(110) (5.14)

¢ = nd(003) (5.15)

With considering the calculated lattice parameters of a (black line) and c (red line) in
Figure 5.11, it was noticeable that the lattice parameters of a were level off at 0.3 nm
with a difference in the ranges of thermal treatment times 5 to 24 h. In the meantime,

the value of c¢ rose gradually by 0.12 nm for 24 h from 2.50 nm for 5 h. These results
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indicated that the increase of aging time was not significant to the crystal growth in
the ab plain in the unit cell, but had the influence of the layer stacking of crystals along
the c-axis. For the results of crystal size (blue line), there was an increasing tendency
for the crystal size with the increase of aging time. The longer aging time obtained an

opportunity to grow of crystals.
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Figure 5.11 The lattice parameters of ¢ and a of LDH samples with the variation of

aging times under the NaOH solution at pH 9 and 60°C.

In addition, the lattice parameter, the pH influenced on the crystal size (D) of LDHs.
The crystal size could be determined by using Equation 5.16, where K is a constant
(0.89), A is the X-ray source wavelength, B is the full width at half maximum intensity
of the peak (FWHM) 6 is the Bragg's angle.

_ Ka
~ Bcos

(5.16)

The plotted crystal sizes of LDHs in the ¢ direction with the different aging times were
displayed in the blue line of Figure 5.11. The crystal size reduced slightly with
increasing the time from 5 h to 15 h. And then, it increased remarkably to 5.14 nm.
These results were presented in the blue line of Figure 5.10. The results of the
calculated crystal size related to the growth of crystals in the ¢ direction. The aging of

mixture solution for 24 h provided the highest crystal growth. Hence, the aging of the
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mixture solution at 60°C for 24 h under pH 9 was the appropriate condition for the
synthesis of Mg/Al LDHs.

Nevertheless, the variation of aging time for the LDH preparation maintained at pH10
and 60°C, there was a change of the X-ray diffraction between the degree range of
10° to 25°, observed in Figure 5.12. For the aging for 5 h, the d-spacing of (003)
reflection was 0.85 nm, represented to the nitrate forms in the LDH. When the time
equaled to 10 h, the crystalline peak of (003) exhibited at 10.39° and its shoulder peak
at 11.20°. The former and the latter represented the existence of NOz and CO3%,
respectively. These results indicated that both anions formed in the intermediate layers
of LDH prepared at pH 10 and 60°C for 10 h. Subsequently, the CO3* species
involved in the LDH structure with the aging for 15 and 24 h. The replacement of
nitrate with carbonate may cause the high solubility of CO- in the aqueous solution at
pH10, as explained in the previous section. The increase of aging time could induce

the formation of carbonate in the interlayer regions at pH10.
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Figure 5.12 The XRD patterns of Mg/Al LDHs prepared at pH 10 and 60°C with the

variation of aging times.

5.2.4.2 Precipitation with NHsOH Solution
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In the case of the NH4OH solution employed as the precipitating agent for the LDH
synthesis, all the samples prepared with the different aging times possessed the
crystalline phase of the metal hydroxide layer with the intercalation of nitrate anions
in the intermediate layers. The results can be observed from the X-ray diffraction
patterns in Figure 5.13. The intensity and the sharpness of the peaks of X-ray
diffraction increased with the increase of aging times. The reason may result from the

growth of LDH crystals along the c-axis during the mixture solution's aging.
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Figure 5.13 The XRD patterns of Mg/Al LDHs in the various aging time and the

use of NH4OH solution under the controlled conditions at pH10 and

60°C.

The calculated lattice parameters supported this assumption, as exhibited in Figure
5.14. The a lattice constants remained steadily at 0.30 nm; however, the c lattice
constants fluctuated slightly in the range of 2.58 to 2.63 nm with increasing the
treatment times. As considered the crystal size in the ¢ direction, the crystal sizes of
LDHs prepared using the NH4sOH showed an upward trend. The crystal sizes at 5, 10,
15 and 14 h were 3.20, 4.56, 6.09 and 7.43 nm, respectively. The crystal growth of
LDHs by using NH4OH had the same trend as that of NaOH. The preparation of LDH
under the NH4OH at 60°C for 24 h induced the highest crystallinity and crystal

growth.
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Figure 5.14 The lattice parameters of ¢ and a of Mg/Al LDHs prepared in the

different aging times using NH4OH solution.

Overall, there was the growth of LDH crystals along the c-axis with the increase of
treatment times. All the LDHs prepared using both the NaOH and NH4OH solutions
provided the nitrate forms with the time variation. The optimum aging time for LDH
synthesis was 24 h because it induced the nitrate within the LDH structure and

provided the highest crystallinity and crystal size.

5.3 Preliminary Experiment on LDH Modification with Organic

Anions

According to the Section 3.5.2.2 in the Chapter 3, the LDHs interacted with the
various organic anions had high performance flame retardants for polymers. As the
combustion of the organic-intercalated LDHSs contributed to the dehydroxylation of
LDHs and the decomposition of intercalated organic compounds, it produced the
water, metal oxide, non-flammable gases and char residues, All the obtained products
could restrict the distribution of heat, flame and combustible gases through the
combustion area. Furthermore, the Section 2.4.2 in the Chapter 2 stated that the
organophosphate ester-based compounds were high performance of fire retardancy by

accelerating the char formation.
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To enhance the fire retarding ability of LDHs, this work attempted to modify LDH
structure by using organophosphate ester-based compounds as the anionic modifying
agents. They would be intercalated in the intermediate lamellar structure. There were
four types of modifying agents used in this study. The two kinds of phosphate ester
anions that had been used for the modification of LDHs were the bis(2-ethyl hexyl)
phosphate (BEHP) and the phytate (Phy). Meanwhile, the B-glycerophosphate (GP)
and the diphenyl phosphate (DPP) were the novel compounds used as intercalating
agents for the LDHs and utilised for flame retardant applications. The properties of

the modified LDHs would be analysed and discussed in the later section.

Before modifying with the desiring organophosphate-based compounds, the
experimental setting and the procedure would be validated by following the process
studied in the previous works. One of the typical anionic surfactants used widely for
the functionalisation of LDHs was the dodecyl sulfate (DS). Therefore, the DS was

selected as the organo-modifying agent for the preliminary experiment.

5.3.1 Co-precipitation Method

As above mentioned, the preliminary synthesis of organoanion-intercalated LDHs
was the preparation of LDH intercalated with the DS (LDH-DS). The preparing
methods of LDH intercalated with DS have been reported in numerous published
researches [22-25]. Most modified LDHs were prepared by the co-precipitation
method. In this work, the modifying procedure of LDH with DS was followed by the
previous studies. The X-ray diffraction patterns and the IR spectra of the obtained
LDH-DS were compared with the pristine LDH.

Figure 5.15 shows the diffraction patterns of the pristine LDH and the LDHs-DS. The
pristine LDH (the black line) presented the lowest angle of the crystal peak presented
at 10.04° with the basal spacing of 0.88 nm. This was the characteristic of nitrate
intercalation between the layers. For the XRD pattern of LDH-DS prepared without
the decarbonation in water and NaOH solution (the red line), the lowest peak shifted
to lower degree at 6.97° with the d-spacing of 1.27 nm. It was noticed that the distance
between the metal hydroxide layers of LDH-DS was wider than the pristine LDH.
This consequence insisted on the intercalation of DS molecules in the interlayer
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galleries, although it was prepared under the carbonate contamination in both water
and NaOH. The XRD patterns of LDH-DS synthesised in this work was a significant

resemblance to the study of Kaul et al. [22]. The crystalline pattern of Mg/Al LDH-
DS reported in the literature is exhibited in Figure 5.16.
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Figure 5.15 The XRD patterns LDH-NO3 and LDH-DS prepared using without and
with the decarbonation and precipitated by NaOH.
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Figure 5.16 The characteristic XRD pattern of MgAIl LDH intercalated with DS in
the study of Kaul et al. [22].

In the theory, the modification of LDHs with desired anions requires the conditions
without the COs% contamination in the process of synthesis to avoid carbonate
formation in the LDHs. However, it was worth noting that the DS anions could

intercalate between the cationic metal hydroxide lamellae, prepared under the COs*
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contamination. That means the affinity of DS anion might be stronger than the CO3*

anion.

When the LDH-DS synthesis was reprocessed using the decarbonated water and
NaOH, the sample's diffraction pattern was similar to the preparation without the
decarbonation. The blue line in Figure 5.15 shows the XRD pattern of LDH-DS
prepared under the decarbonation conditions. The synthesis with the decarbonation
contributed to higher peak intensities. Thus, the decarbonation process is significantly
essential to the synthesis of LDHSs.

In addition to the use of NaOH solution for the LDH-DS synthesis, the NHsOH
solution was used as the precipitating agent. Figure 5.17 compares the XRD patterns
of LDH-DS prepared in the different precipitating agents. The pattern of LDH-DS
precipitated in the NH4OH (blue line) was similar to that in the NaOH (red line). It
indicated that the NH4OH solution could be also used for the synthesis of LDH-DS.
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Figure 5.17 The XRD patterns of Mg/Al-DS prepared in the different precipitating
agents: NaOH (red line) and NH4+OH (blue line)

The LDH-DS structures prepared by both the NaOH and the NH4OH were evaluated
using the FTIR spectra, as presented in Figure 5.18. The former spectrum (red line)
was comparable to that of the latter (blue line). The broad band at around 3526 cm™
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can be assigned to the stretching vibration of hydroxyl groups in the layered
magnesium aluminium hydroxides and the intercalated water molecules in the LDH.
The bending vibration of water molecules contributed to the band at 1637 cm™. The
bands between 450 and 650 cm™ can be attributed to the vibration of metal-oxygen,
e.g. M-O and O-M-O. All bands can also be observed in the LDH-NO3 (black line).
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Figure 5.18 The FTIR spectra of MgAIl LDHs intercalated with the DS and prepared
in the base solutions of NaOH and NH4OH.

Due to the involving of DS in the LDH, there were the presences of C-H stretching
vibration at 2924 and 2854 cm™ and C-H bending vibration at 1469 cm™.
Additionally, the vibrations of S=O showed at 1222 cm™ for the asymmetric mode
and at 1066 cm™* for the symmetric mode. It was noticeable that the IR intensity of the
band at 1382 cm™ reduced significantly with the incorporation of DS in the LDHs
[22]. This band was the characteristic of existing NOs" in the structure. These results
proved the replacement of nitrate anions with the DS anions in the lamellae's

intermediate area.

From the above results, there has been a successful synthesis of LDH-DS by the co-
precipitation method. The experimental results corresponded to the prior study.
Hence, the procedure of LDH modification with the organic anion was the accuracy.
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5.3.2 Rehydration Method

Another method used for the modification of LDH was the rehydration of the calcined
LDH. The unmodified LDH were heated at a high temperature. This process was
called the calcination. Subsequently, the calcined LDH were treated in the aqueous
solution containing the desired anions to rehydrate the structure. This process was

called the rehydration. The details in each process would be discussed below this.

5.3.2.1 Calcination Process

When the Pural® MG70, the commercial LDH-COs3, was calcined at 500°C for 5 h,
the mass loss percentage was calculated using the sample mass before and after
calcination. The whole data were shown in Table 5.6. It was found that there was a

decrease in mass around 39.55 % after the heat treatment.

Table 5.6 The mass of Pural® MG70 before and after the calcination and their

mass loss percentage.

Information Number of measurements
1 2 3
Mass before calcination (Mo) (g) 15.0512 15.1192 15.1255
Mass after calcination (M) (g) 9.1153 9.1281 9.1404
Mass loss (%) 39.44 39.63 39.57
Average mass loss (%) 39.55

The study of thermal decomposition of LDHSs in the prior research [26] reported that
the water molecules adsorbed on the surface and intercalated in the interlayers
liberated at the below temperature 200°C. The magnesium and aluminium hydroxides
in the layers were dehydrated, and the carbonate anions intercalated the interlamellar
were decomposed in the temperature between 200°C and 400°C. As a consequence of
these decompositions promoted the formation of Mg:-xAlxO(OH)x phases and COx.
At 400-600°C, the dehydration of magnesium and aluminium hydroxides still

maintained and generated the phase of MgixAlxO1+x2. Hence, both the dehydration
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and the decomposition were the possible reasons for the mass loss in the calcination

process.

The identification of the LDH crystalline phases both before and after the heat
treatment was analysed using the characteristics of X-ray diffraction. Figure 5.19
displays the XRD pattern of Pural® MG70 with the matching of the reference database.
The crystalline phase of MG70 correlated to the phase of hydrotalcite
(Mgo.64Alo.36(CO3)0.18(OH)2(H20)0.46) With the PDF number of 04-015-1684. When
the MG70 was heated at 500°C for 5 h, the crystalline phase became the magnesium
oxide (MgO) due to the dehydration of Mg-Al hydroxides. The XRD pattern matched
the crystalline phase of MgO reference data with the number 00-004-0829, presented
in Figure 5.19. The AI**ions can dissolve in the lattice of MgO. This result was related

to the previous study [26, 27].
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Figure 5.19 The XRD patterns of Pural® MG70 and reference database with PDF
number 04-015-1684.
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Figure 5.20 The XRD patterns of Pural® MG70 calcined at 500°C for 5 h and
reference database with PDF number 00-004-0829.

When the calcined LDH was soaked in the aqueous solution of DS for 24h, the

metal hydroxide layers were reformed by the adsorption of water. The DS anions
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and water were also incorporated into the interlayer spaces. Comparing the XRD
pattern of LDH-DS synthesised in the different methods presenting in Figure 5.21.
There was a similarity of the XRD pattern of LDH-DS prepared with the co-
precipitation (the black line) and the rehydration (the red line). This was a
confirmation of DS in the interlayer regions. However, the peak intensity of
rehydration was much lower than that of co-precipitation. Thus, the preparation of
LDH-DS with the co-precipitation method was more suitable than that with the
rehydration.
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Figure 5.21 The XRD patterns of LDH-DS prepared by the co-precipitation and the
rehydration.
Overall, the experiment had achieved success in the LDH-DS synthesis. The co-
precipitation method was more appropriate than the rehydration method. Also, the
results indicated that the experimental setting and the procedure for the LDH

modification validated.

5.4 Characterisation of Organophosphate Ester-Based Compounds
Used as Anionic Modifying Agents for LDHSs
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As described in the Chapter 1, the objective of this research was the modification of
the LDH with various anions of organophosphate ester-based compounds. The four
types of organic compounds containing the phosphate ester groups selected as
modifying agents for LDH were bis(2-ethylhexyl) phosphate (BEHP), phytic acid
(Phy), glycerophosphate (GP) and diphenyl phosphate (DPP). Their chemical

structures are exhibited in Figure 5.22.
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Figure 5.22 The chemical structures of organophosphate ester-based compounds used
as the reactants for the anion modification of LDH: BEHP, Phy, GP and
DPP.

All the organophosphate ester-based compounds contain acidic groups with the base
solutions, leading to the formation of anions in the compounds. The organic anions
can bond with the cations on the layered metal hydroxides. Both the BEHP and DPP
provided monohydrogen phosphate ester but have different side groups. Their side
groups are two alkyl and aryl groups, respectively. In the case of the Phy, it contains
a six-fold dihydrogen phosphate ester, which has the largest molecule employed in
this research. The smallest molecule of organophosphate ester compound is the GP,

which consists of only one alkyl group.
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For the flame retardant applications, the LDH intercalated with the BEHP and Phy
anions has been studied in the prior works, whereas the GP and DPP modified LDHs
have been not published in any paper. Besides, the previously published works did
not compare the flame retardancy efficiency of different organophosphate ester
intercalated LDHs. From these reasons, this research studied the effectiveness of the

LDHs modified with the diverse organophosphate compounds.

As the combustion was associated with the thermal degradation, the study of thermal
decomposition can support the understand of combustion phenomenon. The thermal
decompositions of all organic reactants were analysed by the TGA. The fundamental
of TGA is the measurement of mass of materials as the increasing temperature. The
applied heat results in the decomposition of components. The testing result shows a
thermogram of thermal decomposition of sample that can provide one, two, or multi-

stages of mass-loss change, depending on the reactant's thermal behaviours.

Moreover, the mass change in the TGA result correlates to the mass of a volatile
fractions, determining the molecular weight of volatile compounds. This information
can be used for an expectation of thermal decomposition of materials. The TGA
thermograms of BEHP, Phy, GP and DPP reactants were compared in Figured 5.23-
5.26, respectively

For the thermogram of BEHP reactant in Figure 5.23, it presented two stages of mass
loss in the ranges of 150-350°C and 350-800°C with the maximum mass loss rates at
260.0°C and 639.4°C, respectively. The mass loss content of the first decomposing
stage was 75.9%, while the mass loss content of the second stage was 19.4%. With
the conversion of mass loss content to the mass, they were equal to 244.70 g for the
early stage and 62.54 g for the last stage. The molecular weight (MW) of BEHP
reactant is 322.39 g/mol. Generally, the molecular weight of the decomposed gas

molecules should be nearly the calculated mass.
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Figure 5.23 The TGA curve and its derivative of BEHP reactant used as modifying
agent for LDH

From the study on the pyrolysis of organophosphate ester compound in the previous
work, it decomposed to form alkene products and phosphoric acid compounds [28].
The phosphoric acid can decompose in the range of 400-800°C [29]. This work
proposes that the initial decomposition of BEHP reactant might generate gas
fragments of hydrocarbon and liquid fragment of phosphoric acid (HsPOs). At the
same temperature range, the acidic liquid could also be decomposed to vapour water
and liquidous P>Os. The calculated weight of gaseous products was equal to 260.42
g. With the increasing temperature, the liquid phase of P.Os would be transformed to
its gas phase with the calculated weight of 70.97 g. Both the weights of gaseous
products derived from the calculation were nearby the tested values. Figure 5.24
presented the thermal decomposition reactions of BEHP reactant. The comparison
between the tested values and the calculated values of mass loss for the thermal
decomposition of BEHP reactant were summarised in Table 5.7.

Table 5.7 The mass loss data of BEHP decomposition (MW of BEHP= 322.39 g/mol)

Range of decomposition Experiment Calculation
temperature (°C) Mass loss Mass loss Mass loss Mass loss
(%) (9) (%) (9)
150-350 75.9 244.70 78.0 260.42
350-800 19.4 62.54 22.0 70.97
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Figure 5.24 The proposed thermal decomposition mechanism of BEHP reactant
[28, 29]

In the case of the Phy, the 50% phytic acid solution in water was used as the reactant
for the modification of LDH. Figure 5.25 displayed the TGA curve and its derivative
of Phy reactant. As the chemical was dried in the oven so as to get rid of the water,
the TGA curve did not appear to lose water at below 100°C. The thermogram of phytic
acid provided four mass loss stages: 100-200°C, 200-300°C, 300-400°C and 550-
1000°C. The thermal behaviour of phytic acid had been reported in the previous study.
Daneluti and Matos [30] suggested that the hydroxyl groups in the phosphate can be
decomposed that induce the dehydration at the ranges of 162-292°C and 248-447°C.
Then, the decomposition of phytate groups and carbon compound formed in the

previous stage between 447°C and 863°C.
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Figure 5.25 The TGA curve and its derivative of Phy reactant used as modifying
agent for LDH

To estimate the gas products released during the heat, the mass loss percentage in each
stage was considered. From the data in a specification document, the molecular weight
of phytic acid is 660.04 g/mol. The thermogram of phytic acid in this work provided
the mass loss of 8.1%, 6.7% and 15.1%, associating with the dehydration in the first
three curve stages. Despite the water molecules, the P2Os in the liquid state could also
be promoted during the heating. Subsequently, they might be evaporated to provide
the gas phase. The residue at the end of heat might be the formation of carbon
compound. The important data of the mass loss derived from the decomposition of
Phy reactant was presented in Table 5.8. The possible degradation mechanism of

phytic acid is shown in Figure 5.26.

Table 5.8 The mass loss data of Phy decomposition (MW of Phy = 660.04 g/mol)

Range of decomposition Experiment Calculation
temperature (°C) Mass loss Mass loss Mass loss Mass loss
(%) (9) (%) (@)
100-200 8.10 53.46 8.2 54.03
200-300 6.70 44.22 4.1 27.02
300-400 15.10 99.66 12.3 81.04
550-1000 51.10 337.28 64.5 425.82
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Figure 5.26 The proposed thermal decomposition mechanism of Phy reactant. [30]
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Figure 5.26 The proposed thermal decomposition mechanism of Phy reactant. [30]

(continued)

For the GP, the reactant was the sodium salt hydrate form with the molecular weight
of 315.10 g/mol. The TGA curve of GP reactant displayed three steps of thermal
decomposition, as presented in Figure 5.27. The first step took place between 70°C
and 1120°C with the mass loss of 24.8%. As the component of GP reactant was the
water, this decomposing step was attributed to the evaporation of water in the GP
structure. The calculated mass loss of this stage was 25.7%. For the later step in the
range of 250-320°C, there was the mass loss at 15.0%. At the final step, the
decomposition occurred at the range of 320-400°C with the mass loss of 14.4%.
According to the study of Piotr et al. [31], the initial thermal decomposition of
disodium glycerophosphate provided sodium hydrogen glycerophosphate and sodium
hydroxide. Then, the sodium hydrogen glycerophosphate decomposed to dihydrogen
glycerophosphate and sodium hydroxide. Table 5.9 and Figure 5.28 show the data of
mass loss obtained from the decomposition of GP reactant and the suggested

decomposition mechanism of GP reactant, respectively.

165



Chapter 5 Synthesis and Characterisation of LDHs

Mass (%)

20 \

100.0

<

100 200

300

400

T

Temperature (°C)

600 700

900 1

-15
000

Derivative mass (%/min)

Figure 5.27 The TGA curve and its derivative of GP reactant used as modifying

agent for LDH

Table 5.9 The mass loss data of GP decomposition (MW of GP =315.10 g/mol)

Range of decomposition Experiment Calculation
temperature (°C) Mass loss Mass loss Mass loss Mass loss
(%) (9) (%) (9)
100-120 24.8 78.14 25.7 81.04
250-320 15.0 47.27 12.7 40.00
320-400 14.4 45.37 12.7 40.00
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Figure 5.28 The proposed thermal decomposition mechanism of GP reactant [31].

With considering the TGA curve of DPP reactant in Figure 5.29, the thermogram
revealed two stages of decompositions at 150-350°C and 350-800°C with the mass
loss of 78.3% and 15.7 %, respectively. By comparison with the TGA curve of the
BEHP, the pattern of DPP (Figure 5.23) was almost the same due to the similarity of
chemical structure. Therefore, the decomposition mechanism of both compounds
were expected the similarity. That was a breaking of C-O bonds in the DDP molecule
at 150-350°C, promoting hydrocarbon compounds and water in the gas state and the
P.Os in the liquid state. Then, the transformation of liquid P2Os to its gas form might
be performed in the final process. The tested and calculated mass loss of DPP
decomposition are presented in Table 5.10. The thermal decomposition mechanism of
the DPP was suggested in Figure 5.30.
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Figure 5.29 The TGA curve and its derivative of DPP reactant used as modifying
agent for LDH

Table 5.10 The mass loss data of DPP decomposition (MW of DPP = 250.19 g/mol)

Range of decomposition Experiment Calculation
temperature (°C) Mass loss Mass loss Mass loss Mass loss
(%) (9) (%) (9)
150-350 78.3 195.90 74.8 187.26
350-800 15.7 39.28 14.1 35.49
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Figure 5.30 The proposed thermal decomposition mechanism of DPP reactant.
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From the information in the literature reviews and the characteristics of the
organophosphate ester compounds, it can be seen that the selected organic compounds
(BEHP, Phy, GP and DPP) decomposed in the wide temperature ranges. Both the char
residues and the phosphate oxides produced during the decomposition process may
impede and stop the combustion of polymers. Moreover, the structures of the
organophosphate ester-based compounds can be deprotonated with the base solutions
to form the anions on the structure. These formed anions can interact with the cations
on the layers of metal hydroxides. Hence, all the selected organophosphate ester-based
compounds were likely to be used as the modifying agents for LDHs and enhance the

flame retardancy for polymers.

5.5 Characterisation of LDHs Modified with Organophosphate

Ester-Based Anions

As mentioned previously, the four types of organophosphate-based anions used for
the modification of LDHs were BEHP, Phy, GP and DPP. The modified LDHs were
prepared in the various conditions. The influence of preparing conditions on the X-
ray diffraction behaviours functional groups characteristics of the modified LDHs
would be discussed in this section.

5.5.1 Modification with Bis(2-Ethyl Hexyl) Phosphate

The LDHs modified with the BEHP were prepared by the co-precipitation and the
rehydration with the different conditions. The effect of decarbonation, precipitating
agents and aging time on the modification were studied.

5.5.1.1 Synthesis by the Co-precipitation Method

5.5.1.1.1 Effect of Decarbonation

In the initial preparation of LDH-BEHP via the co-precipitation method, there was
only the N2 flow within the reactor to protect against the contamination of CO; in the

atmosphere. It did not use the decarbonated water and the purified NaOH in the

synthesis process. The XRD pattern of LDH-BEHP without the decarbonization in
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the water and NaOH is shown in the red line of Figure 5.31. It was found that the
lowest degree of the crystallisation peak was 11.68°, corresponding to the d-spacing
of 0.76 nm. Meanwhile, the pristine LDH, which was not modified with the
organophosphate compound, providing the lowest peak position at 10.04° and the d-
spacing of 0.88 nm, as displayed in the black line of Figure 5.31. It can be seen that
the d-spacing of the modified LDH was less than the pristine LDH. These results
indicated that the BEHP anion was not intercalated in the interlamellar space in the
LDH. It seems possible that the CO, and/or CO3s* might be poisoning in the synthesis

process.

11.25°

LDH-BEHP with decarbonation

Intensity (a.u.)

LDH-BEHP without decarbonation

10 20 30 40 50 60 70
2Theta (Degree)

Figure 5.31 The comparison of XRD patterns of LDH-NO3 and LDHs-BEHP
without and with the decarbonation of used water and NaOH.

When the CO, and CO3? were excluded from the reaction system by using the purified
water and NaOH, the diffraction pattern of LDH-BEHP revealed the lowest degree of
the peak at the 20 of 7.52° with the d-spacing of 1.17 nm. This result is presented in
the blue line of Figure 5.31. It was noticeable that the d-spacing of LDH-BEHP was
considerably enlarged with preparing in the conditions without the CO2 and COs*
toxic. This result established the intercalation of BEHP between the layers of metal

hydroxides. Also, the results emphasised the importance of decarbonation. The 26
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positions and the d-spacings of the synthesised LDH samples at the lowest angle are
noted in Table 5.11.

Table 5.11 The 26 positions and the d-spacings of the pristine LDH and the LDHs-
BEHP without and with the decarbonation of the used water and NaOH.

Sample 20(° d-spacing (nm) Anions
Pristine LDH with decarbonation 10.04 0.88 NOs

LDH-BEHP without decarbonation 11.68 0.76 COs*
LDH-BEHP with decarbonation 7.52 1.17 BEHP

The XRD pattern of the LDH-BEHP in this work resembled the prior study. Costa et
al. [24] reported that the (003), (006) and (009) reflections of Mg/Al LDH modified
the BEHP showed at 5.81°, 11.06° and 19.30°, respectively. The interlayer distance
of (003) was 1.52 nm. However, few published studies suggested that the d-spacings
of LDH-BEHP were 2.31 nm [32] and 2.34 nm [33]. Theoretically, interlayer distance
in LDH modified with organic compounds depends on the thickness of metal
hydroxide layers, the molecular size of intercalated anions and their anionic
orientation in the interlayer area [24]. In this case, both the layer thickness and the
intercalated anionic size were the same. Thus, the distinction between the two d-
spacing lengths could account for the different orientation of BEHP molecules in the
interlamellar area. The arrangement of anions in the LDH would be discussed in

further section.

5.5.1.1.2 Effect of Precipitating Agent

Figure 5.32 compares the XRD patterns of the pristine LDH to that of the BEHP
modified LDHs prepared under the NaOH and NH4OH solution. They were
represented in the black, red and blue line, respectively. With the use of NH4OH, the
lowest peak position displayed at 6.30°, correlated to the d-spacing of 1.40 nm. The
reflection peak of NH4OH shifted to lower diffraction angle by comparison with the
NaOH. These results indicated more expansion of distance between the metal
hydroxide layers with using the NH4sOH. Also, the peak intensities of NHsOH were
higher than that of NaOH. This means that the crystallinity of the sample increased
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with using the NHsOH. The results demonstrated that the NHsOH solution was
appropriate to the synthesis of LDH-BEHP.
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Figure 5.32 The XRD patterns of the pristine LDH and LDH-BEHP prepared in
the NaOH and NH4OH solutions.

The increase of LDH crystallinity with using the NH4OH could be explained in term
of dissociation constants of bases. It is well known that NaOH is a strong base
dissociated completely in water, but on the other hand, NH4OH is a weak base ionized
incompletely in water [34]. The rate of precipitation with NaOH was higher than
NH4OH, resulting in a large amount of nuclei in the initial step of precipitation and
the low crystalline growth. Meanwhile, the precipitation of LDH with NH4OH occur
slowly, providing the small content of nuclei and the slow crystal growth. Therefore,
the use of NH4OH for the precipitation induced the high crystallinity.

The observation of FTIR spectra of LDH-BEHP also confirmed the existence of
BEHP within the LDHSs. The IR spectra of the pure BEHP, the pristine LDH and the
BEHP modified LDHs prepared in the NaOH and NH4OH were presented in Figure
5.33.
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Figure 5.33 The FTIR spectra of the BEHP, the pristine LDH and the BEHP
intercalated LDH prepared in the NaOH and NHsOH.

For the BEHP reactant (the green line), the group bands at 2958, 2934 and 2862
cm* can be assigned to the asymmetric stretching vibration of C-H, while the bending
vibration of C-H presented at 1547 cm™. The bands at 1222, 1022 and 833 cm™
showed the characteristics of P=0O and P-O. Considered the spectra of LDHs-BEHP
(the red and green lines), not only the characteristics of the metal hydroxide and the
water molecule were presented, but also the all IR bands of the pure BEHP can be
found in the LDHs modified with BEHP.

5.5.1.1.3 Effect of Aging Time

The influence of aging time on the formation of LDH-BEHP was also studied in this
experiment. The XRD results of LDHs-BEHP prepared with the variation of aging
times for 5, 15 and 24 h are shown in Figures 5.34 and 5.35 for the use of NaOH and
NH4OH solutions, respectively. For the LDH-BEHP preparation with the NaOH, the
peak intensities and sharpness were likely to increase when the treatment periods
increased. Likewise, the longer aging times led to the rise of diffraction intensities of
LDH-BEHP prepared with the NHsOH. Hence, the crystallinity of the modified LDHs
increased with the longer aging time.
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Figure 5.34 The XRD patterns of LDH-BEHP prepared in the NaOH with

the variation of aging time: 5h, 15h and 24h.
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Figure 5.35 The XRD patterns of LDH-BEHP prepared in the NH4OH with
the variation of aging time: 5 h, 15 h and 24 h.

Considering the calculated lattice parameters and the crystal size of the modified
LDHs in the NaOH (Figure 5.36), the lattice parameter of ¢ (black line) was stable at
around 3.3 nm with the aging time of less than 15 h. Then, it rose slightly to 3.51 nm
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at the aging time of 24 h. In the meantime, the crystal growth of the ab-plain had
constantly maintained at 0.30 nm with the increase of aging periods from 5 h to 24 h
(red line). These results can be implied that the increasing of treatment time did not
affect the crystal growth in the ab-plane but induced the stacking of crystals along the
c direction. Additionally, the crystal size in the c direction also grew gradually from
3.45 nm for 5 h to 4.07 nm and 3.88 nm for 15 h and 24 h, respectively (blue line).

36 04 44
—m— Lattice parameter of ¢ (nm)
—m— Lattice parameter of a (nm)
--m--Crystal size in ¢ direction (nm) 42

3.5

3.4 38

0.2 3.6
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32 [ ‘ , . 1 : : . , 0.1 32

Time (h)
Figure 5.36 The c and a lattice parameters and the crystal size in c direction of
LDH-BEHP prepared in the NaOH with the variation of aging time:
5h, 15h and 24h.

In the case of the NH4OH, the lattice parameter and the crystal size in the c direction
were exhibited in Figure 5.37. The lattice parameter of the ab-plane could not define
since there was a disappearance of peak position at 20 60°. Meanwhile, the ¢
parameters of the modified LDHs seemed stable at around 4.2 nm with increasing
times. However, the crystal size reduced significantly, almost 50 % from 65.63 nm
for 5 h to 33.49 nm for 24 h. The XRD results indicated that the increase of time led

to the increase of crystallinity and crystal size reduction using the NHsOH.
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Figure 5.37 The c lattice parameters and the crystal size in c direction of
LDH-BEHP prepared in the NH4sOH with the variation of aging time:
5h, 15h and 24h

5.5.1.2 Synthesis by the Rehydration Method

5.5.1.2.1 Effect of Decarbonation

For the preparation of LDH-BEHP with the rehydration method, the calcined LDH-
CO3 (CLDH) was dispersed in the aqueous solution of BEHP. The slurry was
simultaneously stirred through the reaction time. Besides, the pH of the slurry was
also controlled by adding the solutions of NaOH or NHsOH. In the case of NaOH, the
CLDH-BEHP prepared in both the existence and the non-existence of COs% in the
water and NaOH.

Figure 5.37 displays the XRD patterns of the MG70 LDH and the CLDHs-BEHP
prepared in the different conditions. At the lowest peak position, the pristine LDH
showed at 11.32°, responding to the d-spacing of 0.78 nm (black line). Meanwhile,
the CLDHs-BEHP provided the diffraction degree at 7.79° and 5.99° for the non-
decarbonation (red line) and the decarbonation (blue line) of water and NaOH,
respectively. It was worth nothing that the d-spacings of CLDHs-BEHP increased in
the comparison with the LDH-CO:s.
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Figure 5.38 The XRD patterns of commercial LDH (MG70) and CMG70-BEHP

prepared in NaOH without and with the decarbonisation.

Table 5.12 The summary of (003) reflections and d-spacings of the pristine LDH and
the LDH-BEHP prepared in the existing and the non-existing carbonate.

Sample (003) (9 d(003) (nm) Intercalating
anion

MG70 11.32 0.78 COs*

CMG70-BEHP without the 7.79 1.13 BEHP

decarbonation (NaOH)

CMG70-BEHP with the 5.99 1.47 BEHP

decarbonation (NaOH)

CMG70-BEHP with the 6.27 1.41 BEHP

decarbonation (NH4OH)

The CLDH-BEHP prepared in the solution with the existing carbonate had the d-
spacing of 1.13 nm, whereas that with the decarbonation obtained the d-spacing of
1.47 nm. The d-spacing of CLDH-BEHP prepared under the decarbonation was higher
than the preparation without the decarbonization. The (003) reflections and d-spacings
of the pristine LDH and the LDH-BEHP are summarised in Table 5.12. This result
was another evidence to support the importance of decarbonation in the period of LDH

modification.
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5.5.1.2.2 Effect of Bases

In addition to the rehydration in the NaOH solution, the CLDH-BEHP was also
synthesised in the NH4OH. Figure 5.39 displayed the XRD patterns of CLDH-BEHP
prepared with using the NaOH and NH4OH. For the use of NH4OH, the lowest peak
position exhibited at 6.27°, corresponding to the d-spacing of 1.41 nm. Compared with
the use of NaOH, the d-spacing and the crystallinity of NH4OH were a little less than
that of NaOH. Therefore, the preparation of LDH-BEHP with the rehydration method
in the NaOH was suitable for the modification of LDH.
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Figure 5.39 The comparison of XRD patterns of CLDH-BEHP prepared in

the different base solutions.

5.5.1.3 Evaluation of the preparation methods

From the above results, both the co-precipitation and the rehydration were able to
induce the intercalation of BEHP anions in the interlamellar galleries of LDHs. The
co-precipitation method was the direct method (one process) for the synthesis of LDH,
that was a convenience for the synthesis. Hence, the proper conditions for the
synthesis of LDH-BEHP were the preparation at pH 9 and 60°C for 24h under the
NH4OH solution.
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5.5.2 Modification with the Phytic Acid

In recent years, a few published research have reported the preparation of phytate
intercalated LDH (LDH-Phy) by the methods of co-precipitation [35, 36] and ions
exchange [37, 38]. This study selected the preparation of LDH-Phy with the
co-precipitation. The preparing procedure and the used chemical proportion were

followed by the description in the prior research [35].

5.5.2.1 Effect of Decarbonation

The XRD result of LDH-Phy acquired from the preliminary preparation is shown in
the red line of Figure 5.40. The LDH-Phy displayed the same XRD pattern as the LDH
intercalated with COs? anions (the black line in Figure 5.39). As there was no change
of peak positions, especially in the range of low diffraction angles, it suggested that
the phytate might not be inserted between the lamellae of the LDH. From the
crystalline phase analysis, it was surprising that the significant intercalated anion
between the interlayers of LDH was carbonate, although the LDH was prepared under

the phytate solution.

LDH-Phy

Intensity (a.u.)
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Figure 5.40 The XRD patterns of the pristine LDH and the LDHs-Phy without
the decarbonation in the used water and NaOH in the different

reaction time.

179



Chapter 5 Synthesis and Characterisation of LDHs

As mentioned earlier, the synthesis method of LDH-Phy carried out following the
previous study [35]. However, the result obtained from the experiment was contrary
to the researched result. Kalali et al. [36] reported that the first diffraction peak of
LDH-Phy displayed at 7.30°, correlating with the interlamellar distance of 1.13 nm.
It indicated the intercalation of phytate molecules in the interlayer area. This
conflicting synthesis result could be associated with CO, and/or CO3? contamination
in the experiment. The previous study did not explain the procedure of decarbonation
during the synthesis of LDH.

From the observation of FTIR results in Figure 5.41, the spectra of the pure phytic
acid, the pristine LDH and the LDH-Phy were presented in the black, red and blue
lines, respectively. As the phytic acid is a liquid phase, the ATR mode of FTIR was
used for the test of the phytic acid. Meanwhile, the FTIR of both the pristine LDH and
LDH-phy, which were solid phase, were analysed by using the KBr method. For this
reason, the spectrum characteristic of phytic acid was different from the others. The
intensities of FTIR bands obtained from the ATR mode were lower than that from the
KBr method.

LDII-Phy

LDH-NO3
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Figure 5.41 The FTIR spectra of the phytic acid, the pristine LDH and the LDH-Phy

without the decarbonisation in the used water and NaOH.
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The spectrum of LDH-Phy included the characteristics of both the pristine LDH and
the phytic acid. The broad band at around 3463 cm™ could be assigned to the -OH
functional groups in the LDH and the small band at 1654 cm™ belonged to the
interaction of water molecules. The band range of 400-800 cm™ could be attributed to
the bonds between the metal and oxygen atoms. For the phytate characteristics, the
PO3? groups presented at 1122 cm™ and the interaction bond of P-O-C displayed at
991 and 843 cm™. The resultant analysis was supported by previous studies [37, 38].
However, the pure phytic acid presented the band at 2870 cm™, corresponding to the

C-H stretching vibration. It could not be observed in the spectrum of LDH-Phy.

According to the XRD result of LDH-Phy, it indicated no intercalation of phytate
anions in the interlayer galleries of LDH. However, the FTIR result as above described
indicated the existence of phytate molecules in the LDH structure. This means the
phytate might just be adsorbed on the surface of LDH. As discussed previously, the
existence of carbonate in the synthesis process might obstruct the intercalation of
phytate to the metal hydroxide lamellae.

When the distilled water and the NaOH were decarbonated before utilising the
synthesis process, the modification of LDH with Phy anions was carried out again at
the same experimental conditions. The X-ray diffractions of LDH-Phy prepared under
the decarbonising conditions with the variation of reaction times (5, 15 and 24 h) are

presented in Figure 5.42.
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Figure 5.42 The XRD patterns of the pristine LDH and the LDH modified with Phy

in the various reaction times

It was apparent that all the XRD patterns of LDHs-Phy prepared in the different
reaction times did not show the low intensity of diffraction peak, indicating the
reduction of crystallinity with the modification of Phy. These results suggested that
there could be delamination of the modified LDHs. The layers of metal hydroxides in
the LDHs might be exfoliated with the phytate molecules. Figure 5.43 compares the
FTIR spectra of LDHs-Phy prepared under the carbonation and the decarbonation.

This result supported the existence of phytate molecules in the LDH structure.
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Figure 5.43 The FTIR spectra of LDHs-Phy prepared under the conditions with
carbonate and the exclusion of carbonate and maintained at pH 9 and
60°C for 24 h.

In the literature, there was a explanation of delamination in LDH modified with bulky
organic anions. Hibino [39] described the delamination of LDHs containing amino
acid e.g. phenylalanine and glutamine that was associated with the hydrogen bonds.
The chemical structures of both amino acids are displayed in Figure 5.43. The anionic
molecules of amino acid bonded among themselves and with the cationic layers via
hydrogen bonds. The anions of amino acids connected to both above and below LDH
layers. As much of hydrogen bonds were produced during the synthesis, that
obstructed the interaction of amino acid molecules. Besides, the side chains of amino
acid were hydrophobic that repelled the H>O molecule in the LDHs. This might also

result in the delamination,

O (0] (0]

OH HzN)J\/\)K OH
NH, NH,
Phenylalanine Glutamine

Figure 5.44 The Chemical structure of glycine and phylalanine.
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Even if the LDH-Phy in this experiment was prepared in the same condition as the
previous study, the XRD patterns of both still were different. Considering the used
chemicals for the preparation of LDH-Phy, there were similarities between the
experiment and literature, except the phytic acid salts. The literature used the
commercial product of phytic acid sodium salt, a chemical formulation of
CsH18024Ps-xNa*-yH>0. The specification data of this phosphate compound does not
report the exact number of sodium substituting in the compound.

Meanwhile, this experiment carried out the conversion of phytic acid to its sodium
salt by adding the 1M NaOH solution under 100°C for 5 h. The amount of NaOH
solution used for the conversion related to the total number of hydrogen atoms in the
OH groups of the compound, as the equivalent chemical equation of the reaction. It
was anticipated that the six phosphates in the phytic acid could be deprotonated with
the NaOH solution.

Consequently, it resulted in the formation of negative ions of phytate dissolved in the
aqueous solution. With the formation of cationic layers of magnesium and aluminium
hydroxides, the one negative charge of phytate interacted with the one positive charge
on the layers to stabilise the charges within the LDH structure. Due to the excess
negative charges of phytate molecules, the phytate molecules might connect with the
nearest neighbor. This induced the formation of bulk molecules. These reasons might
lead to a significant increase in distance between the layers, inducing the exfoliation

of layers.

5.5.2.2 Effect of Precitating Agents

Likewise, the XRD pattern of the LDH-Phy synthesised using the NH4OH displayed
the broad peaks, presented in the blue line of Figure 5.45. This result was similar to
the LDH-Phy preparation under the NaOH (red line, Figure 5.45). However, some
diffraction positions of the NH4OH at around 38° and 61° was more intensity than that

of the NaOH. It might occur the partial exfoliation of layers in the modified LDH.
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Figure 5.45 The XRD patterns of the pristine LDH and the LDHs-Phy precipitated
in the NaOH and the NH4OH solutions.

Overall, the phytate anions encouraged the exfoliation of metal hydroxide layers in
the LDHs with the co-precipitation method. Both the NaOH and the NH4OH solutions
were appropriate for the preparation of LDH-Phy.

5.5.3 Modification with the g-Glycerophosphate

The alternative organophosphate ester compound used as the modifying agent of LDH
was a compound with a small molecular size so as to compare the performance with
the LDH modified with the larger molecular sizes. This study chose the
glycerophosphate (GP) because it consists of a short alkyl chain connecting to the
phosphate sodium salts. As the reactant of GP is already in the sodium salt form, the
anionic species of GP can produce by the dissolution in the water. The preparing
process of GP intercalated LDH (LDH-GP) was not necessary to convert the
phosphate compound to its salt form, which was different from the synthesis of the
other modified LDHSs.

Figure 5.46 showed the XRD patterns of the pristine LDH and the LDH-GP
precipitated in the NaOH and the NH4OH solutions. The results stated that the peak
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intensities of the obtained LDHSs decreased obviously with the modification of the GP.
Furthermore, the lowest reflection peak's degrees shifted slightly to the lower angles
for the LDHs-GP at around 9.03°-9.56° comparing the pristine LDH at 10.09°. As a
result, the d-spacing of LDH-GP increased to 0.92-0.98 nm from 0.89 nm for the
pristine LDH. The expanded d-spacing of LDH-GP indicated the intercalation of GP
anions in the interlayers of LDHs. Nevertheless, the LDH-GP prepared in the NaOH
displayed the enlargement of the interlamellar regions more than that in the NH4OH.
Therefore, the LDH-GP should be prepared under the NaOH.
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Figure 5.46 The XRD patterns of the pristine LDH and the LDH-GP prepared in
the NaOH and the NH4OH solutions.

With the observation of the FTIR spectra in Figure 5.47, the pure glycerophosphate
disodium salt hydrate (GP), the pristine LDH and the LDH-GP were represented in
black, red and blue lines, respectively. The glycerophosphate disodium salt hydrate
used as the reactant of GP anions showed the stretching vibration bands of C-H at
2938, 2869 and the bending vibration band of C-H at 1461 cm, the bands of the P-
O-C group at 1117, 1071 and 973 cm™ and the band of P=0 group at 1224 cm™. Due
to the water component in the glycerophosphate disodium salt hydrate, its spectrum
presented broad bands in the range of 3500-3000 cm™ and a small band at 1685 cm™,

corresponding to the stretching vibration of OH group and the interaction of H-O,
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respectively. All of the IR characteristics of GP can be found in the spectrum of the
LDH-GP. Moreover, the spectrum also displayed the characteristics of the metal
hydroxide layer. These results indicated the presence of the GP anion in the LDH

structure.
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Figure 5.47 The FTIR spectra of the pure GP, the pristine LDH and the LDH-GP.

The obtained results can be summarized that the LDH was intercalated with the GP
by using the co-precipitation method. The preparation of LDH-GP under the NaOH
provided higher crystallinity and d-spacing than using the NH4OH as precipitating
agents.

5.5.4 Modification with the Diphenyl Phosphate

As described in Section 3.5.2 on the flame retardancy efficiency of LDHs, the BEHP
intercalated LDH has been used as the flame retardant for polymers. The chemical
structure of BEHP consists of the phosphate ester groups connecting to the two
branches of aliphatic hydrocarbons. This study looked for a novel compound of
phosphate ester that possesses a structure nearby the BEHP. Therefore, an
organophosphate ester compound with an aromatic group was considered for the

modification of LDH. The diphenyl phosphate (DPP) was selected since its chemical
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structure contains two sides of aromatic groups. It would probably provide the

required properties.

The XRD results of the DPP modified LDHs (LDH-DPP) prepared by the co-
precipitation using the NaOH solution as the precipitating agents are shown in Figure
5.48. It can be seen that the XRD pattern of LDH-DPP prepared with using NaOH
(the red line) differed from the pristine LDH with the intercalation of nitrate anions
(the blue line), particular the degree range of 10-25°. There was the broad peak around
the degree of 10° for the LDH-DPP prepared. It seemed that the disorder of layer
structure in the obtained LDH-DPP.
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Figure 5.48 The XRD patterns of the pristine LDH and the LDH-DPP prepared in
the NaOH and the NH4OH solutions

Nevertheless, when the LDH-DPP was prepared by using the NHsOH solution as the
precipitating agent, the XRD pattern (the blue line) seemed to a similarity to the LDH-
DPP prepared using the NaOH. However, the small reflection peak at 9.39° could be
observed in the pattern of the LDH-DPP prepared by using the NHsOH. This
diffraction position shifted to a lower degree than the pristine LDH displayed at 10.04°
(black line in Figure 5.48). The calculated d-spacing of DPP modified LDH was 0.94
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nm, which was little more than the d-spacing of the pristine LDH (0.88 nm). This

result insisted on the intercalation of the DPP in the interlayers of LDH.

In addition, the use of NH4OH induced more sharp diffraction peaks, corresponding
to the increase of crystallinity. As the same reason described in the preparation of
LDH-BEHP, it was associated with the dissociation constant of base. The NHsOH
was the weak base, affecting the slow rate of precipitation. Consequently, the growth

of crystals was formed slowly leading to the high crystallinity.

To confirm the existence of DPP in the LDH, the LDH-DPP was analysed by the
FTIR. Figure 5.49 shows the FTIR spectra of the pure DPP, the pristine LDH and the
LDH-DPP, represented in the black, red and blue lines, respectively. The band
characteristics of among the hydroxyl groups (around 3400 cm™), the water
interaction (at 1630 cm™) and the metal-oxide bonds (800-450 cm™) in the layers of
LDH-DPP have exhibited the same position as the others LDHs, mentioned

previously.
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Figure 5.49 The FTIR spectra of the pure DPP, the pristine LDH and the LDH-DPP.

Besides, the IR characteristics of pure DPP can also be observed in the spectrum of
the LDH-DPP. The band at 1238 cm™ belonged to the vibration of P=0O, whereas the
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bands at 1104 cm™ and 985 cm™ can be assigned the characteristics of the P-O-
aromatic group. In the aromatic ring structure, the C-H group showed the bands at
3072 cmt and 2949 cm! for the stretching vibration mode and the range band of 900
cm™? to 675 cm? for the bending vibration mode. For the carbon-carbon bonds'
characteristics in the aromatic rings, the C=C group presented at 1595 cm™, and the
C-C group showed at 1492 cm™ and 1384 cm™.

Overall, the modification of LDH with the DPP, which was the novel LDH, has been
successfully prepared by the co-precipitation method. The crystallinity of LDH-DPP
prepared in the NH4OH solution was greater than that in the NaOH.

5.6 Thermal Stability of LDHs

From the above XRD and FTIR results, it established that the modification of LDHs
with the organophosphate ester-based compounds have been successfully prepared by
the co-precipitation method. The BEHP, DPP and GP were intercalated in the
interlayers of the LDHs, whereas the modification of the Phy produced the exfoliation
of the lamellae. This study aimed to fire retardancy enhancement of the polymer with
the incorporation of modified LDHs. Hence, to approach and understand the flame
retardancy mechanisms of the fillers, the thermal decompositions of the modified
LDHs were characterised by using the TGA under the N2 atmosphere.

5.6.1 Thermal Stability of Pristine LDHs

The TGA and derivative curves of the commercial LDH-CO3 was shown in Figure
5.49. The thermogram displayed two main stages of mass loss in the temperature
ranges of 30-220°C and 220-800°C. In the first region, the mass loss was 15.8%, with
the derivative peak at approximately 200°C. It occurred the dehydration of the
interlamellar water in the layer structure [5, 40]. Due to the only removal of water, the
layered structure of the LDH was not damaged in this stage [40, 41].
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Figure 5.50 The TGA curve and its derivative of LDH-CO:s.

In the second region, the percentage of mass loss was 28.5%. The DTG curve showed
the shoulder peak at 330°C and the sharp peak at 407.5°C. This stage was ascribed to
the dehydroxylation of metal hydroxide layers. The lower temperature presented the
Al-OH decomposition, while the higher temperature displayed the degradation of the
Mg-OH [5, 40]. As there was the water removal from the hydroxyl groups in the metal
hydroxides, the layer structure of LDH was collapsed in this stage [5, 40, 42]. The
consequence of this process was the formation of Al,Oz and MgO. A few studies
reported the crystalline phases of the metal oxides obtained from the thermal
decomposition of LDH-COs [5, 43, 44]. In addition to the dehydroxylation of metal
hydroxides, this mass loss stage included the releasing of CO> gas due to the
decomposition of carbonate anions intercalated in the interlayer gallery of the LDH
structure [5, 40].

Likewise, the thermal decomposition of the synthesized LDH-NO3 provided the three
significant regions of mass loss, as exhibits in Figure 5.51. The initial thermal
decomposition showed in the range temperature of 30-250°C with the peaks at
123.5°C and 241.0°C. It was ascribed the loss of adsorbed and interlayered water,
respectively [33, 45]. The thermal energy used for the loss of water intercalated in the
interlayer space was higher than that of water adsorbed on its surface. The total mass

loss in this stage was 13.7%.
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Figure 5.51 The TGA curve and its derivative of LDH-NOg.

At the second region of mass change, it took place between 250°C and 450°C. The
derivative peak in this range presented at 402.5°C, and also showed the shoulder peak
at 367.3°C. The percentage of mass loss in this stage was 23.9%. This mass loss was
attributed to the thermal degradation of the hydroxide layers, i.e., removing the -OH
groups in the metal hydroxides [33, 45]. The final stage in the temperature range of
450-700°C displayed the peak at 475.2°C with the mass loss of nearly 9.6%.
Conterosito et al. [45] reported that this stage was the decomposition of nitrate anions

intercalated in the interlayered gallery, produced the evolution of NO and NO..

5.6.2 Thermal Stability of LDH Modified with Organophosphate Ester-Based
Anions

In the case of the organophosphate ester modified LDHSs, their thermal
decompositions were presented in the blue lines of Figure 5.51-5.54 for the LDH-
BEHP, LDH-Phy, LDH-DPP and LDH-GP, respectively. The thermal behaviours of
the modified LDHs were also compared with the phosphate ester-based reactants
(black line) and the pristine LDH-NO3 (red lines) in each Figure.

5.6.2.1 Thermal Stability of LDH-BEHP
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For the TGA result of the BEHP intercalated LDH (Figure 5.52), the thermogram
presented two stages of mass loss. The first stage displayed at the low-temperature
range of 30-200°C with the derivative peak at 181.2°C. It was determined the loss of
water molecules in the LDHs. At the high temperature of 200-400°C, the peak of mass
loss was at 343.7°C and its shoulder peak at 310.7°C.
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Figure 5.52 The TGA curves and their derivatives of the BEHP, LDH-NO3 and
LDH-BEHP.

In the meantime, the thermogram of pure BEHP between 200°C and 400°C showed
the decomposition of the compound. At the same temperature range, besides, the
unmodified LDHs provided the dehydroxylation of layered metal hydroxides.
Therefore, the mass loss of LDH-BEHP in the range of 200-400°C might result from
the degradation of the intercalated BEHP molecules and the metal hydroxides in the

layer structure.
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At the higher temperature (over 500°C), it was noticeable that the thermogram of
LDH-BEHP did not present the mass change; however, there was the mass change of
the pure BEHP. The previous section suggested that the high temperature provided
the decomposition of the phosphate group, e.g., P.Os in the BEHP. The disappearance
of this mass loss in the LDH-BEHP might result from the interaction between the
phosphate groups in the BEHP and the metal hydroxide layers, leading to high thermal

stability of compounds at the high temperature.

5.6.2.2 Thermal Stability of LDH-Phy

For the TGA of LDH-Phy (Figure 5.53), the thermogram showed two stages of mass
loss in the ranges of 30-200°C and over 200°C. Both the stages displayed the
derivative peaks at 72.5°C and 331.6°C, respectively. The first stage of decomposition
was the loss of water in the LDH. Since the maximum mass loss temperature at this
stage was less than 100°C, it indicated the only loss of water adsorbed on the surface
of lamellae. This circumstance could be attributed to the exfoliation of layers, causing
the adsorption of water molecules on the surface of layers. At the second stage of mass
loss, there might be attributed to the thermal decompositions of the phytate
intermediated in the interlayers of LDH and the metal hydroxide layers of LDH. This
assumption was insisted on the thermograms of phytic acid and the unmodified LDH.
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Figure 5.53 The TGA curves and their derivatives of the Phy, LDH-NOs and
LDH-Phy.

Considering the thermal decomposition of phytic acid reactant, there were four stages
of mass loss decomposition in the temperature ranges of 100-200°C, 200-300°C, 300-
400°C and 550-1000°C, respectively. The maximum temperature of mass loss in each
stage was at 171.7°C, 249.8°C, 342.0°C and 658.3°C. As can be seen from the thermal
decomposition study of phytic acid in the previous research, Daneluti and Matos [30]
established that the first event related to the loss of water in the phytic acid, the second
and third events corresponded to the decomposition of hydrocarbon and hydroxyl
groups in the structure of phytic acid, and the last event corresponded to the
decomposition of phosphate ester.

By the comparison with the thermograms of LDH-NOs3, it was apparent that the
decomposition temperature range of LDH-Phy (250-450°C) occurred in the same
decomposition temperatures of the hydrocarbon and hydroxyl groups in phytic acid

and the metal hydroxides in the LDH. Furthermore, the thermogram of LDH-Phy had
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no phosphate decomposition at around 600°C, which was similar to the LDH-BEHP.
This evidence suggested that there were likely to form the strong bond between the

phytate and metal oxide.

5.6.2.3 Thermal Stability of LDH-GP

For the LDH-GP, the thermogram in Figure 5.54 presented the four stages of mass
loss. The initial stage of mass loss displayed in the range of 100-300°C with the
maximum peaks of mass loss at 155.6°C and 275.7°C. This stage was attributed to the
evaporation of water in the LDH. Then there was the mass-loss between 300°C and
450°C with the peak of mass loss at 387.5°C. It might be the decomposition of
hydrocarbon in the GP and the dehydroxylation of layered metal hydroxides in the
LDH. The last decomposition process took place at 450-550°C, which was the
maximum mass loss rate at 474.1°C. This stage might be the decomposition of
hydrocarbon compounds formed in the previous stage.

Mass (%)

40

204

T T T J T T J T T T J T T
100 200 300 400 500 600 700 800

[
I
155.6

Derivative mass (%/min)
L=
|

91.6

—GP
—— LDH-NO,

-144 200 300 400 500 600 LDH-GP
T i T T T T T

T I T T T
100 200 300 400 500 600 700 800

Temperature (°C)
Figure 5.54 The TGA curves and their derivatives of the GP, LDH-NOs and
LDH-GP.
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5.6.2.4 Thermal Stability of LDH-DPP

In the case of LDH-DPP, the three stages of mass loss were displayed in Figure 5.55.
The early thermal decomposition stage (30-200°C) provided the volatile of physically
adsorbed and intercalated water molecules. It was the same evaporation as the other
modified LDHs. The further stage was placed at 200-260°C, matching the
decomposition of hydrocarbons in the DPP reactant. At the temperature of 260-500°C,

there might be provided with the mass loss of metal hydroxides and the phosphate
groups in the DPP.
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Figure 5.55 The TGA curves and their derivatives of the DPP, LDH-NO3s and
LDH-DPP.
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5.6.2.5 Comparison of Thermal Stability in Different LDHs

By comparing the thermal stability of different modified-LDHs, as showed in Figure

5.56, it can be seen that the organic compounds used for the modification of LDHs

had a significant influence on the thermal decomposition of LDHSs. At the first region

of 30-250°C, it was ascribed to the mass loss of physical adsorbed and interlayer

water. The total dehydration of the pristine LDHs completed in this stage around at

250°C; however, the modified LDHs took place below 200°C. The results stated that

the water in the modified LDHSs could be more easily removed than in the pristine

LDH. The organophosphate compounds used as modifying agents can reduce the

strong interaction of water molecules with hydroxide layers in the interlayer region

due to the expansion of gallery space [24, 46].
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The second stage of mass loss (250-450°C) was attributed to the decomposition of
modifying organic compounds and layered metal hydroxides. The maximum
decomposition rate peaks of organophosphate-modified LDHs occurred at lower
temperatures than that of pristine LDH since the phosphates generated during the
heating of the modified LDHSs can accelerate the decomposition. The consequence of
this was the formation of decomposing residues at the lower temperature. It was a
positive result for the flame-retardant application because the char residues can play
a role in the barrier so as to protect the diffusion of heat and combustible gas to the

burning area.

Considered the initial decomposition temperature of 10% mass loss, the temperature
of LDHs increased with the modification of organophosphate compounds, excluding
the LDH-Phy. It was implied that the thermal stabilities of LDHs could improve when
the LDHs were modified with the organic compounds. Moreover, the modification of
LDHs promoted the increase of char content at 800°C. Table 5.13 presented the
decomposition temperatures at 10% mass loss and the char contents at 800°C of the
pristine LDH and the phosphate modified LDHs.

Table 5.13 The charred yield of LDHs

Sample Temperature at 10% Char residues at 800°C
mass loss (°C) (%)
LDH-NOs3 164.0 52.1
LDH-BEHP 173.2 44.9
LDH-Phy 87.1 66.2
LDH-GP 274.7 64.4
LDH-DPP 252.4 54.8

Overall, the study of thermal behaviours of LDHs indicated that the adsorbed and
interlayered water and the layer metal hydroxides were evaporated by the dehydration
process. For the pristine LDH, the elimination of water in the LDH occurred below
250°C and the dehydration of layer hydroxides took place in the range of 250-450°C.
As a result, the metal hydroxides can convert to their oxide forms. The nitrate anions

intercalated in the interlayers decomposed at over 450°C.
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In the case of the organophosphate modified LDHSs, both the water and layered metal
hydroxides degraded at the same temperature range as the pristine LDH. However,
the curves shifted to the lower temperature due to the decomposition of
organophosphate-based compounds at low temperatures. The TGA curves indicated
that the thermal stability and the char contents of LDHs had a trend of increase with
the modification of organic compounds. Due to the increase of char residues, it was

the advantage of flame retardants.

5.7 Structural Models of LDHs

The structural arrangement of metal hydroxide layers, anions and water in the
obtained LDHSs by using the XRD, FTIR and TGA results. It is well known that the
basic structure of LDH consists of the layers of metal hydroxides with the intercalation
of anions and water in the interlayer space. The perception of the LDH arrangement
can encourage an understanding of the compatibility of polymers and LDHs. The
difference in structures of anionic compounds affected the orientation of anions within
the LDH structure.

From the XRD results, they provided the d-spacing data of the LDHs. The d-spacing
is the total distance from one layer to one interlayer. The distance of interlayer space
is determined with the thickness of the metal hydroxide layer and the molecular size,
and the orientation of anionic compounds [19, 24]. According to the previous
literature, the thickness of the layer containing the Mg and Al hydroxides is 0.48 nm
[6]. Thus, the layer thickness's subtraction from the d-spacing contributed to the

interlayer distance, as shown in Table 5.14.

Table 5.14 The d-spacing and gallery height of the pristine LDH and the
organophosphate modified LDHs.

Sample d-spacing (nm) Gallery height (nm)
LDH-NOs 0.88 0.40
LDH-BEHP 1.10 0.62
LDH-Phy NA NA
LDH-GP 0.98 0.50
LDH-DDP 0.94 0.46
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In this study, the molecule sizes of organophosphate anions were estimated by
measuring the length of simulated molecules. An Avogadro program was a software
used for the geometry simulation of the compounds and the measurement of molecular
sizes. The prediction of anionic orientation used both the distances of interlayer

galleries and the sizes of anionic compounds.

5.7.1 Structural Model of Pristine LDH

For the pristine LDH-NOg, the distances of d-spacing and interlayer space were 0.88
nm and 0.40 nm, respectively. From the simulation of nitrate structure, it provided the
molecular size of 0.25 nm. The simulated nitrate structure presented in Figure 5.57.
Since the gallery height of LDH was almost twice as distance as the size of
intercalating anions, the nitrate molecules might orient in the double layers with the
slight tilt of the molecules. The prior study suggested that the nitrate anions
intercalated in the interlayers and interacted to the layers with inclining at 70° [47].
Despite the FTIR and the TGA results, they indicated the water existed both the
outside and inside of LDH. The speculated orientation of LDH-NO3 was presented in
Figure 5.58.

0.25 nm

® Nitrogen atom ® Oxygen atom

Figure 5.57 The simulated structure of nitrate anion.
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Figure 5.58 The possible structural model of LDH-NOs speculated from the
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molecule size of nitrate simulated by the Avogadro software and the
d-spacing of LDH-NO3 determined by the XRD.
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5.7.2 Structural Model of LDH-BEHP

In the case of LDH-BEHP, the gallery height (0.62 nm) was nearly the measured size
of BEHP (0.64 nm). The configuration of the BEHP anion was simulated and
displayed in Figure 5.59. It can be seen that the distance of the interlamellar space was
almost equal to the size of the intercalated anion. Therefore, the molecules of BEHP
might arrange in a monolayer form. This assumption related to the study of Costa et
al. [24]. The TGA curve presented the water adsorbed on the surface of layers and
interacted between the lamellae. From all experimental results, the structural model

of LDH-BEHP was proposed in Figure 5.60.

0.64 nm

1.27 nm
Phosphorus atom @ Oxygen atom @ Carbon atom Hydrogen atom

Figure 5.59 The simulated structure of BEHP anion

s Metal hydroxide layer

® Oxygen atom

¢ Nitrogen atom
Phosphorus atom
Hydrogen atom

1.10 nm

Figure 5.60 The possible structural model of LDH-BEHP speculated from the
molecule size of BEHP simulated by the Avogadro software and the
d-spacing of LDH-BEHP determined by the XRD.

5.7.3 Structural Model of LDH-Phy
As the XRD pattern of LDH-Phy provided the amorphous characteristic, the layers of

metal hydroxides were exfoliated with the Phy molecules. This circumstance also

caused the adsorption of much water on the surface of layers. It associated with mass
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loss at the below 100°C, corresponding to the evaporation of adsorbed water. The
configuration of Phy anion and the LDH-Phy model were proposed in Figure 5.61 and

5.62, respectively.

0.98 nm

|

Phosphorus atom @ Oxygen atom @ Carbon atom Hydrogen atom

Figure 5.61 The simulated structure of Phy anion.

‘sosmis Metal hydroxide layer

® Oxygen atom

¢ Nitrogen atom

® Phosphorus atom
Hydrogen atom

Figure 5.62 The possible structural model of LDH-Phy speculated from the
molecule size of nitrate simulated by the Avogadro software and the

d-spacing of LDH-Phy determined by the XRD.

5.7.4 Structural Model of LDH-GP

Meanwhile, the LDH-GP provided the gallery height of 0.50 with the GP length of
0.62 nm. Figure 5.63 showed the GP configuration. The gallery height was narrower

than the net length of GP. Thus, the GP molecule was likely to intercalate in the
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interlayers in the monolayer orientation with the incline of GP. The arrangement of
LDH-GP is illustrated in Figure 5.64.

0.43 nm

0.62 nm
Phosphorus atom  ® Oxygen atom @ Carbon atom Hydrogen atom

Figure 5.63 The simulated structure of GP anion.

imemi Metal hydroxide layer
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* Nitrogen atom

* Phosphorus atom
Hydrogen atom

0.50 nm
0.98 nm

Figure 5.64 The possible structural model of LDH-GP speculated from the
molecule size of nitrate simulated by the Avogadro software and the
d-spacing of LDH-GP determined by the XRD.

5.7.5 Structural Model of LDH-DPP

For the first novel modified LDHSs, the modification of DPP provided the interlamellar
space of 0.46 nm. The length of the DPP was 0.49 nm, measured from the simulated
configuration in Figure 5.65. Both the interlayer gallery and the DPP size were almost
egivalennt. The results can be believed that the DPP might arrange the monolayer
form in the gallery between the layers. Additionally, there was the adsorption and the
intercalation of water in the structures of the LDH-DPP. All the evidence could be

used to simulate the LDH-DPP, as presented in Figure 5.66.
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0.49 nm

1.10 nm
Phosphorus atom @ Oxygen atom @ Carbon atom Hydrogen atom

Figure 5.65 The simulated structure of DPP anion.
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Figure 5.66 The possible structural model of LDH-DPP speculated from the
molecule size of nitrate simulated by the Avogadro software and the
d-spacing of LDH-DPP determined by the XRD.

Overall, the proposed structural models of the modified LDHSs contained the layers of
Mg and Al hydroxides with the intercalation of the organophosphate-based anions
(BEHP, GP and DPP). Among the intercalating anions were in the monolayer
orientation. For the LDH-Phy, the lamellae were separate entirely due to the
exfoliation. All the modified LDHs were the component of water adsorbed on the
surface of the layer and intercalated in the interlayer, excluding the modification of
Phy. The LDH-Phy possessed only the physical adsorption of water. The speculated
models can be used for discussion in the preparation of polymer nanocomposites.

5.8 Particle Sizes of LDHs

According to the TGA results, the organophosphate ester-modified LDHs provided
the high thermal stability and the increase of residue content. They would be expected
to contribute to the high efficiency of flame retardancy for polymers. To prove this
assumption, the epoxy resin/LDH nanocomposites would be prepared and tested the

flammability.
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One of the parameters having a crucial impact on the properties and the blending
process of the composites is particle size of nanoparticles. Several studies have been
attempted to control the obtained nanoparticle size of LDHs in the synthesis process
by controlling either the dropping rate of the metal salt solution to the base solution
or the aging process. However, after the drying process, the particulate dimension of
obtained LDHs was micro-sized [48]. If the micro-sized LDHs were incorporated in
to the polymer matrix, it may result in the significant decrease of mechanical
properties and thermal stability for the polymer composites. For the reason of this
assumption, the large particulates have low surface area, affecting the reduction of
interaction with the polymer matrix. This circumstance induced the decrease of
properties for polymer composites. On the other hand, the small particles having high
surface area can make more interaction with the polymer matrix than the large
particles. To approach the high performance of properties, it was necessary to reduce

the particle size of LDHs by grinding process.

Currently, the common method employed for the reduction of particle size is milling.
There are a variety of milling techniques such as shaker milling, planetary ball milling
and attrition milling. This study selected the attrition mill for the size reduction due to
the less operating time. The attrition comprises the stationary tank for the sample,
grinding ball and media solution and the rotating impellers. The rotation of impellers
at high-speed leads to the particle collision between balls, between balls and wall of
container and among balls, shaft, and impellers. As a result, the particles are deformed

and fractured, generating the reduction of particle size [49, 50].

In this study, both the commercial LDH and the prepared LDHs were crushed by the
attrition mill, and then they would be analyzed the particle size. For the particle size
of commercial LDH as showed in Figure 5.67, it can be seen that the distribution
curves of the MG70 (commercial LDH-COg) transferred to downward size classes
with the milling at different times, indicating the reduction of particle sizes with the
milling. The grinding for 1 and 2 h exhibited only one distribution at the high-volume
density. Meanwhile, the grinding for 3 h appeared the two distributions with the high
and low volume densities. It may occur the agglomeration of particles during the long

milling time.
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——MG70 before mill

—— MG70 milled 250 rpm 1h
10 ——MG70 milled 250 rpm 2h
—— MG70 milled 250 rpm 3h

Volume density (%)
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Figure 5.67 The particle size distribution curves of Pural MG70 before and after the

milling at the rotating speed of 250 rpm and the different milling times.

Typically, the peak of the distribution curve represents the most frequent size in the
sample [51]. The most particle size of MG70 before the milling was 21.7 um. When
the MG70 was milled with the speed of 250 rpm for 1, 2 and 3 h, the milled particle
size was 6.28 pum, 6.22 pm and 5.62 pum, respectively.

From the distribution curves, the particle size distributions of the samples at 10%
(D10), 50% (Dso) and 90% (Dso) were measured as presented in Table 5.15.
Considering the same distribution percentage, the milled LDH-CO3 were less than the
unmilled LDH-COs3 without the grinding. The size distribution values of milled LDH-
COs were no significant difference with increasing the grinding times. However, the
different grinding times affected the width of the size distribution (span). The span

Dgo—D1o

can be calculated by . It was found that the grinding at 250 rpm for 2 h

50

provided the lowest width of distribution, indicating the narrow size class. Therefore,
the milling of the LDH sample at 250 rpm for 2 h was probably sufficient for particle
size reduction.
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Table 5.15 The particle size distributions and their width of the Pural MG70 before

and after the grinding with the rotating speed of 250 rpm and the
different milling times.

Time of milling (h) D1o (um) Dso (um) Dgo (um) Span
0 6.94 21.7 62.4 2.56
1 2.82 6.37 16.0 2.07
2 3.03 6.33 14.2 1.76
3 2.88 6.23 17.5 2.35

Likewise, the size distribution of MG70 ground with the higher rotating speed at 400
rpm for 1 and 2 h decreased obviously, comparing to the unmilled sample. Figure 5.68
presents the curves of particle size distribution of MG70 both before and after grinding
at 400 rpm. At the grinding for 1 h, the curve showed the one broad peak with the
highest frequently size of 7.06 um, which was lower than that of 21.7 um for the
unmilled sample. Besides, there was a reduction of size distributions, as reported in

Table 5.16. These results supported the reduction of particle sizes with the milling.

— MG70 before mill
—— MG70 milled 400 rpm 1h
10 4 ——MG70 milled 400 rpm 2h
)
SR
2
‘@
5
o 6 —
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£
=
(=]
> 4
2 —
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0 20 40 60 80 100 120 140 160

Size class (micrometer)

Figure 5.68 The particle size distribution curves of MG70 milled at 400 rpm
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Table 5.16 The size distribution in the different total percentages and the width of
size distribution of MG70 before and after the milling at 400 rpm for 1

and 2 h.

Time of milling (h) D1o (um) Dso (um) Dgo (um) Span
0 6.94 21.70 62.40 2.56
1 3.24 7.44 19.10 2.13
2 1.92 6.40 44,70 6.68

Nevertheless, the milling of MG70 at 400 rpm for 2 h presented two broad peaks in
the distribution curves (the blue line in Figure 5.64). The peak of 2 h with the higher
volume was 4.46 um, which was less than the milling for 1 h. It indicated the reduction
of particle size with increasing the grinding time. Meanwhile, the lower volume peak
was 35.39 um, which was more than that of the un-milled MG70. It stated that some
particle agglomerated from the milling at the high rotating speed and the long grinding
time. Considering the width of size distribution, the milling for 2 h was higher than
that for 0 and 1 h. It can be summarized that the grinding of the sample with the high
speed and the long time provided both the size reduction and the agglomeration of

particles.

The above results found that the optimum conditions for the sample size reduction
were the grinding with the attrition mill at 250 rpm for 2 h. It provided the fine particle
and the narrow size distribution. Hence, the other modified LDHs were reduced the
particles by using the same milling conditions of MG70.

5.9 Summary

Overall, the preparation of Mg/Al LDHs modified with the BEHP, Phy, DPP, or GP
had been successful in this study. The characterizations of XRD and FTIR insisted on
the existences of the organophosphate ester-based compounds in the LDH structures.
Furthermore, the thermal stabilities of LDHs were enhanced with the modification of
the organic compounds. The char residues also increased in most of the modified
LDHs. These circumstances were the excellent characteristics of flame retardants.

From the characterized results, they were used for the speculations of modified LDH
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structures. All the LDHs were reduced the particle sizes by the attritor at 250 rpm for

2 h. The tiny particle size of LDH samples would be applied to the epoxy resin to

study the effect of the LDHs on the polymers, especially the flammability. The

properties of composites would be discussed in the further chapters.
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Chapter 6 Characterisation of Epoxy Resin/LDHs Nanocomposites Cured with DDM

This chapter aims to present the performance of LDHs on the properties of epoxy resin
nanocomposites, particularly to the flammability. The representative epoxy resin
monomer and curing agent focused on this chapter was diglycidy! ether of bisphenol
A (DGEBA) and 4,4'-diamino diphenylmethane (DDM), respectively. The initial
section displays the curing mechanism of DGEBA/DDM. The later section estimates
the preparing processes of epoxy (EP) nanocomposites with incorporating layered
double hydroxides (LDHs) (EP/LDHs) by observing visual characteristics and by
testing flexural properties. The LDHs modified with anions of carbonate, nitrate,
bis(2-ethyl hexyl) phosphate (BEHP), phytic acid (Phy), B-glycerophosphate
disodium (GP) or diphenyl phosphate (DPP) were used as the fillers for the epoxy
nanocomposites. The following section evaluates the dynamic mechanical properties
and thermal behaviours under N2 or air of the cured epoxy nanocomposites. The last
section will discuss the flammability of the composites, including the flame

retardancy mechanism of LDHSs for the epoxy resin.

6.1 Curing Mechanism of DGEBA/DDM

Before preparing the EP/LDHs nanocomposites, the neat EP was cured with the
reaction between the DGEBA and the DDM to use as a controlling sample. During
the heat treatment of the DDM cured EP (EP/DDM) mixture, the active hydrogen on
the amine group in the DDM curing agent reacted with the epoxy group in the
DGEBA. It encouraged the partial formation of cross-linked networks. The early stage
of heat treatment contributed to the growth and branching of molecules, but the
molecular size still small. At this stage, the viscous liquid transferred to the gel. Then,
numerous larger molecules were produced due to the formation of partially cross-
linking networks. The cross-link density increased significantly, inducing the cured
solid form of EP [1, 2]. The schematic reaction of the DGEBA and the DDM was
presented in Figure 6.1.
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Figure 6.1 Schematic curing reaction of DGEBA monomers and DDM [2].
6.2 Preparation of EP/LDHs Nanocomposites Cured with the DDM

The general incorporation of nanolayered-like fillers, e.g., LDHs into polymer matrix
can be carried out with three various methods: 1) intercalation of LDH with
monomers, 2) intercalation of LDH with polymers and 3) pre-exfoliation of
nanolayered-like fillers, and restacking layers with either monomers or polymers. For
the first method, the interlayer space of LDHs is intercalated by monomers at the early
stage of the fabrication. After that, the mixture is polymerised, leading to the
exfoliation of nanolayers in the polymer matrix. In the second method, there is a
similarity with the first fabrication, but the monomers are replaced with polymers. The
consequence is the separation of LDH layers because of the intercalation of
macromolecular chains of polymers. Lastly, both solvent and sonication are used for
the pre-exfoliation of nanolayers. The LDHs are dispersed in acetone solvent and are
sonicated. Then, the mixture of LDH and solvent is homogenised with monomers or
polymers. This method provides the penetration of monomers or polymers into the
layers of LDHs, and then the solvent is evaporated from the composites in the

following step. [3]

In this study, the EP/LDHs nanocomposites were prepared by two different mixing

routes: 1) the only mechanical stirring and 2) the solvent blending, the sonication, and
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the mechanical stirring. For the former, the LDHs were added into the epoxy resin
monomers, and the mixture was vigorously stirred with the mechanical stirrer for 1 h.
Then, the hardener was added to the mixture of EP/LDHEs. In the latter case, the rough
procedure was the sonication of the mixture solution containing the LDHs and acetone
solvent at room temperature for 1 h. Subsequently, the solution was mixed with the
epoxy resin monomer using the mechanical stirrer for 1 h. After that, the mixture was
heated for approximately 2 h so as to remove the solvent. The final process was the
blend of the DDM curing agent and the EP/LDH mixture. The details of the preparing
procedure were described in Section 4.4.3. The comparison of both mixing methods

would be discussed in the later section.

6.3 Effect of Mixing Procedures on Visual Characteristics and
Flexural Properties of EP/DDM Nanocomposites Incorporated
with LDHs

For particulate-filled polymer composites, the dispersion and distribution of
particulate fillers in the polymer matrix are considered since they affect the properties
of the composites. In this study, the distribution consistency of LDHs in the epoxy
resin matrix was investigated from the cut edge of composites, which are cut and
polished. The characteristics of the cut edge of samples prepared by the different
mixing methods were presented in Table 6.1 for the only mechanical stirring and
Table 6.2 for the sonication and stirring. The top and bottom of photos were the sides

contacting the air and the glass mould, respectively.
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Table 6.1 The cut edge of EP/DDM nanocomposites incorporating the LDHSs by

the method of mechanical stirring.

Sample

Contents of LDHs

1% 5% 10%

EP/DDM-LDH-CO3

EP/DDM-LDH-NO3

EP/DDM-LDH-BEHP

EP/DDM-LDH-Phy

EP/DDM-LDH-GP

EP/DDM-LDH-DPP

Contacted mould side g2 mm Contacted mould side 02mm  Contacted mould side 0.2 mm

Contacted mould side g5 Contacted mould side 37 mm Contacted mould side g2 mm

Contacted mould side g7 ,,m Contacted mould side g7 m  Contacted mould side 0.2 mm

Contacted mould side g7 .— Contacted mould side ¢ 02mm  Contacted mould side 0.2 mm

Contacted mould side 0 2 mm Contacted mould side 0.2 mm Contacted mould side g2 mm

Contacted mould side 02 mm Contacted mould side g5 mm Contacted mould side 0 S ki

Table 6.2 The cross-sections of EP/DDM nanocomposites incorporating the LDHSs by

the method of sonication, and mechanical stirring.

Sample

Contents of LDHs

1% 5% 10%

EP/DDM-LDH-CO3

EP/DDM-LDH-NO3

EP/DDM-LDH-BEHP

EP/DDM-LDH-Phy

EP/DDM-LDH-GP

EP/DDM-LDH-DPP

Contacted mould side  g2mm  Contacted mould side 02mm | Contacted mould side 0.2 mm

Contacted mould side  g2mm  Contacted mould side 02mm  Contacted mould side 0.2 mm

——_

Contacted mould side
Contacted mould side g7 mm Contacted mould side o 0.2 mm

Contacted mould side g2 mm R 02mm

Contacted mould side 02mm Contacted mould side 02 mm

Contacted mould side g2 mi

Contacted mould side 0.2 mm

Contacted mould side g2 Contacted mould side g7 mm

At the 1 wt% LDHs in both the mixing methods, the cut edge of samples presented

the colour consistency. It can assume that the LDHs distributed evenly throughout the

epoxy resin matrix. Another assumption was that the addition of the 1 wt% LDHSs in
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the polymer matrix might be too small. It could not be observed the physical change.
When the contents of LDHs increased to 5 wt% and 10 wt%, the cross-sections of the
composites still displayed the consistency of colour. These results indicated that the
preparation of EP/LDHs nanocomposites with the only stirring and the sonication, and
stirring provided the composites with the good distribution of LDHs in the epoxy resin
matrix cured by the DDM.

This study estimated the influence of mixing methods on flexural behaviours of the
EP/LDHs nanocomposites by using the universal testing machine (UTM). Figure 6.2-
6.7 show the flexural strength and flexural modulus of the EP nanocomposites
containing the LDH-CO3, LDH-NO3, LDH-BEHP, LDH-Phy, LDH-GP and LDH-
DPP, respectively. It can be seen that at the same contents of fillers, the flexural
strength and flexural modulus of composites prepared from using the solvent and
sonication performed slightly greater than the samples prepared by the only stirring
method. The results indicated that the interaction between the epoxy matrix and the

LDHs improved by using the solvent and sonication in the composite preparation.
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Figure 6.2 The flexural strength and flexural modulus of the neat epoxy resin cured
with the DDM and the nanocomposites containing the LDH-COa.
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Figure 6.3 The flexural strength and flexural modulus of the neat epoxy resin cured
with the DDM and the nanocomposites containing the LDH-NO:s.
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Figure 6.4 The flexural strength and flexural modulus of the neat epoxy resin cured
with the DDM and the nanocomposites containing the LDH-BEHP.
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Figure 6.5 The flexural strength and flexural modulus of the neat epoxy resin cured
with the DDM and the nanocomposites containing the LDH-Phy.
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Figure 6.6 The flexural strength and flexural modulus of the neat epoxy resin cured

with the DDM and the nanocomposites containing the LDH-GP.
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Figure 6.7 The flexural strength and flexural modulus of the neat epoxy resin cured

with the DDM and the nanocomposites containing the LDH-DPP.

Since the dispersion of sonicated LDHs in the solvent affected the swelling of metal
hydroxide layers, the monomer of epoxy could easily penetrate into the interlayer
galleries of LDHs. It increased surface area with the interaction between the fillers
and the polymer matrix, including the dispersion and distribution. Hence, the uses of
solvent and sonication were the appropriate processes for preparing the epoxy resin

nanocomposites.
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6.4 Flexural Properties of EP/LDHs Nanocomposites Cured with

DDM

The effect of different LDHs on the flexural properties of the EP/DDM

nanocomposites were estimated by using the average value of five specimens in each

sample. Figure 6.8 shows the flexural strength and modulus of the pure EP/DDM and

its nanocomposites with the variation of LDHSs loading (1%, 5% and 10% by weight).

The results revealed that the addition of LDHSs reduced the flexural strength and

flexural modulus in the nanocomposites compared to the pure EP.
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Figure 6.8 The flexural strengths and flexural modulus of the pure EP/DDM and its

nanocomposites incorporating the different anionic-modified LDHs.
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The reduction of flexural strength in the nanocomposites might occur the existence of
microvoids in the epoxy matrix. As the LDHs were the inorganic fillers, they could
not be incompatible with the DGEBA in the DDM curing system. This circumstance
resulted in many microvoids in the matrix, which were the flaw of the
nanocomposites. When the nanocomposite specimen was bent by applying the stress,
the cracks were initiated at the voids [4, 5]. In the meantime, the flexural modulus of

nanocomposites decreased with the loading of LDHs.

It is noticeable that the poor interface between the fillers and the epoxy matrix was
likely the cause of reduction in the mechanical property. The interface between the
fillers and the matrix can be improved by considering various factors. First of all, the
surface of LDHs should be modified with compounds containing both organic and
inorganic sections. The organic part in modifying agents can bond with the epoxy
resin whereas the inorganic part in modifying agents can interact with the LDH filler.
In the same way, the modifying agent may be added to the mixture of epoxy resin and
LDHs. The use of modifying agent can enhance the compatibility and interfacial
adhesion between the matrix and fillers. Secondary, the interface between matrix and
fillers can be increased by a reduction of LDHSs particle size in order to increase the
surface area. This can decrease the size of voids, leading to the decrease of crack
deflection in the matrix during the flexural test. Lastly, the improvement of interfacial
interaction between the matrix and fillers is a use of high shear mixing process for the
preparation of epoxy resin nanocomposites. As the LDHs were in the nanolayered
form, the use of high shear mixing process may help the exfoliation of the layers in
LDHs. From this circumstance, the epoxy matrix can through the layers of LDHs.

Thus, the interface between the matrix and fillers increases.

Compared to different LDHSs, the flexural properties of the EP nanocomposites
containing the LDH-COs and LDH-NOs (the pristine LDHs) were less than the
composites with the organophosphate ester modified LDHSs except adding the LDH-
BEHP. From the characterisation of interlayer space on the LDHSs in the Chapter 5,
the spaces between the layers of the pristine LDHSs (0.30-0.38 nm) were less than that
of the modified LDHs (0.46-0.62 nm). The intercalation of the epoxy matrix to the
pristine LDHs was more difficult than the organic-modified LDHs.
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Besides, the pristine LDHs were the fillers with high polarity since they are based on
the inorganic compounds. Meantime, the existence of hydroxyl and amine groups on
the resin chains accounted for the high polar in the epoxy resin. The difference of
polarity between the pristine LDHs and the epoxy resin might be still high. When the
organophosphate ester anions were used as the modifying agent for the LDHSs, they
might be able to reduce the polarity of LDHs. Thus, the polarities of the modified
LDHs were likely to be close to the epoxy resin, which were more than the pristine
LDHs. The modification of LDHs with the organic compounds could improve the
interaction with the epoxy matrix. Therefore, the EP nanocomposites with the addition
of the organophosphate ester modified LDHSs had flexural properties greater than the

composites containing the pristine LDHSs.

Overall, the LDHs did not significantly reduce the mechanical properties of the resin.
Most polymer composites had a reduction of mechanical properties with loading the
additives. As this research aimed to enhance the flame retardancy of epoxy resin, it
was expected that the LDHs would be able to improve this property, discussed in the
Section 6.7.

6.5 Dynamic Mechanical Properties of the Pure EP and EP/LDHs

Nanocomposites in DDM Curing System

Dynamic mechanical analysis (DMA) was utilised to measure the thermal behaviours
of polymer materials. The pure EP/DDM and its nanocomposites consisting of the
pristine LDHs and the organophosphate ester modified LDHs were investigated the
dynamic mechanical properties. The results obtained from the DMA were presented
by plotting the storage modulus (E"), loss modulus (E") and Tan 6 as the function of

temperature. The average of two tests was plotted as the DMA results.
6.5.1 Dynamic Mechanical Behaviors of Pure EP Cured with DDM
The storage modulus, loss modulus and Tan & of the pure EP/DDM are shown in

Figure 6.9. The storage modulus decreased gradually in the range of -150°C to 100°C
and then declined rapidly to around 170°C. At the higher temperature of 170°C, the
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plotted line was levelled off. The storage modulus corresponds to the elastic modulus
of polymers depending on free volume (Vs) in the polymers. The change in Vs
determines the thermal transition of the solid-state in polymers. The increasing
temperature encouraged a deformation of polymer elasticity and a reduction of
stiffness [6, 7]. Thus, there was a reduction of storage modulus at elevated

temperature.
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Figure 6.9 The storage modulus, loss modulus and tan 6 of the pure DGEBA/DDM.

For the loss modulus and tan 6 curves, they presented two peaks of the minor peak in
the range -150°C to 50°C and the major peak in the range of 100°C to 200°C. The
obtained peaks in the loss modulus curve were at -58.2°C and 151.7°C, whereas the
provided peaks in the tan 6 curve were at -51.5°C and 159.2°C. As above mentioned,
the elevated temperature resulted in the phase transition in polymer chains. The loss
modulus measures the energy loss of materials due to the friction caused by the motion
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of polymer chains [6]. Meanwhile, tan 6 was attributed to the relaxation of the polymer

matrix [7].

At the very low temperature, the molecule in the polymer was tightly packed. When
the temperature of the polymer increased, the material expanded, increasing the free
volume. It induced the movement of the localised bonds and side chains or small
groups on the backbone of polymer structure, e.g., the units of hydroxy ether and
phenyl groups in the polymer by rotation and vibration. This characteristic transition
at the low temperature is called the beta transition (Tg). At the higher temperature, it
increased the free volume in the polymers, leading to the movement of the polymer
backbone. It was associated with the phase transition from the glassy state to the
rubbery state. This transition is called the glass transition (Ty). [7, 8]

In general, the characterisation of Ty from the DMA can be determined in at least five
ways, such as the peak or the onset of tan o curve, the peak and onset of loss modulus
or the onset of storage modulus [7]. The common method often used to define Tg is
the peak of Tan 6 curve [9], used in this study. Therefore, the Tq of the pure EP cured
with the DDM was 159.2°C.

6.5.2 Dynamic Mechanical Behaviors of EP/Pristine LDHs Nanocomposites
Cured with the DDM

The influences of the carbonate and nitrate-intercalated LDHs additions on the
dynamic mechanical properties of EP nanocomposites were displayed in Figure 6.10-
6.11, respectively. In comparison with the pure EP, the EP/LDHs nanocomposites had
a high storage modulus. The increase of LDH-CO3 and LDH-NO3 contents generated
the enhancement of storage modulus. The CO3z and NOs-intercalated LDHs acted as
the inorganic fillers for the polymer. The addition of inorganic fillers into the polymer
matrix increased the stiffness of composites, contributing to the increase of storage
modulus [10, 11].

232



Chapter 6 Characterisation of Epoxy Resin/LDHs Nanocomposites Cured with DDM

5000 250
| —— EP/DDM |
= —— EP/DDM-1% LDH-CO, -
E 4000 — —— EP/DDM-5% LDH-CO, B 2005‘3
2 . ——— EP/DDM-10% LDH-CO, - =
1751 - —
= 3000 = 150 w»
= =
= - r =
o ]
g 2000 — 100 g
5
=) i = 1)
<] 72}
= <
2 1000 — — 50 3
w
0 { | | | | | -0
0 8—150 -100 -50 0 50 100 150 200
0.6 — 0.06 -
= E '
g 12 oo
g 047 002-
~ i )
0.2 0700-150 4100 50 0 50
Temperature (°C)
R
0.0 I T I T ‘ T I T I
-150 -100 -50 0 50 100 150 200

Temperature (°C)

Figure 6.10 The storage modulus, loss modulus and Tan 6 of the DGEBA/DDM and

its nanocomposites containing the varied contents of LDH-COs.
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Figure 6.11 The storage modulus, loss modulus and Tan 6 of the DGEBA/DDM and

its nanocomposites containing the varied contents of LDH-NOs.

For the E" and tan & curves of the composites, they provided two peaks of polymer
relaxations in the plotted curves. The patterns of EP/LDH-COs and EP/LDH-NO3
nanocomposites were similar to the pure EP. The peaks at the lower and higher
temperatures were attributed to the Tg and Ty, respectively. Table 6.3 showed the Tp
and Tg4 of the EP nanocomposites containing the LDH-CO3z or LDH-NO3s with the
variation of percent loading. At the 1% loading of LDH-CO3 or LDH-NOs, the EP
nanocomposites presented the Tg at -51°C and the Ty at 160°C. They closely resemble
the Tp and Tg of pure EP. With the increase of LDHSs contents to 5 wt% and 10 wt%
loading, the transition temperatures were slightly changed. As the values of both were
in the range of standard deviation, there was no significant difference between the

pure EP and the EP/pristine LDHs nanocomposites.
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Table 6.3 The T, Tg, storage modulus at the rubbery state and cross-link density of
the pure EP, EP/LDH-CO3 and EP/LDH-NO3 cured with the DDM in the

different contents of LDHs.

Sample Tp Ty E’ Crosslink

(°C) (°C) at Tg+30 density

(MPa) (mol/m?3)
Pure EP/DDM -51.7+11 159.2+05 17.6+35 1530302
EP/DDM-1% LDH-CO3 -509+06 160.0+1.1 17.1+29 1481+252
EP/DDM-5% LDH-CO3 -475+03 161.0+£0.7 247+17 2132+147
EP/DDM-10% LDH-COs  -47.2+0.1 162.6+0.1 294+3.3 2535+281
EP/DDM-1% LDH-NOs3 -511+04 1594+0.8 18.1+28 1573+243
EP/DDM-5% LDH-NOs -50.3+05 1588+09 214+21 1861+189
EP/DDM-10% LDH-NO3z  -50.2+1.2 1588+04 26.0+1.6 2253+139

As mentioned previously, the motion of side groups in polymer chains reflects Tg, and
the movement of backbone chains in polymer relates to the Tq. The DMA results
indicated that the mobility of the side groups on the polymer chains and the backbone
of polymers were insensitive to the addition of LDHs. The lamellae of LDHs might
be completely separated in the composites, which did not affect the free volume in the

polymer.

When the polymeric samples were heated through their glass transition range, the
polymers transformed from the glassy to rubbery state. It induced the reduction of
modulus, affecting the stiffness [7]. The storage modulus in the rubbery plateau region
above Tq can determine the number of cross-links in the cured epoxy [7]. The cross-

link density could be calculated by using Equation 6.1,

El,Qubbery
3RT

Ve = (6.1)

where E' rubbery is the storage modulus at the temperature above the T4 at 30°C, T is

Tg+30 and R is a universal gas constant.
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The calculated cross-link densities of epoxy resin nanocomposites were also presented
in Table 6.3. The cross-link density of the EP nanocomposites tended to increase with
the loading of the pristine LDHs. The higher LDHs loading, the more cross-link
density.

Generally, the Ty of polymers relates to cross-linking density. In the DMA
experiment, however, the addition of LDHs did not affect the T4 change but increased
the calculated cross-link density. The possible cause of this circumstance might occur
by the reliability of the data. As the DMA is the machine designed for stiffness
materials, the region at above T4 appeared fluctuation of Tan 6 more than the region
at below Tg. Therefore, the use of rubbery modulus for the calculation of cross-link
density might be errored. Another possibility was the effect of inorganic fillers. When
the inorganic fillers were incorporated into the polymer materials, it could contribute
to the cross-link density change. At the below Ty, both the van der Waals force and
cross-links in the cured EP/LDHs nanocomposites were not broken. For the above Ty,
the van der Waals force could be destroyed, but the cross-links still remained in the
composites because the strength of the covalent bonds in cross-links was more than
the interaction of the van der Waals force. The epoxy resin transformed into rubbery
instead of melting because the cross-links hold the polymer structure. The elastic
modulus allowed to increase with the cross-link density, relating to the stiffness. In
general, the added inorganic fillers provide a higher stiffness than the polymer matrix.
Hence, the LDHs increased the stiffness and cross-link density of polymer

nanocomposites, but did not affect the Ty.

6.5.3 Dynamic Mechanical Behaviors of EP/Modified LDH Nanocomposites
Cured with DDM

With adding the BEHP, Phy, GP or DPP modified LDHs, the DMA measurements of
the EP/modified LDHs nanocomposites were displayed in Figure 6.12-6.15,
respectively. It can be seen that the storage modulus of the epoxy nanocomposites
containing the organophosphate ester modified LDHs were higher than that of the
pure EP in the glassy state. The increase of the modified LDHSs contents also enhanced

the stiffness of the epoxy matrix, leading to the increase of storage modulus.
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Figure 6.12 The storage modulus, loss modulus and Tan & of the DGEBA/DDM and
their nanocomposites containing the varied contents of LDH-BEHP.
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Figure 6.15 The storage modulus, loss modulus and Tan 6 of the DGEBA/DDM and

its nanocomposites containing the varied contents of LDH-DPP.

For the results of loss modulus and tan o, the two peaks in the curves can be observed

in both the pure EP and the epoxy nanocomposites with adding the LDHs modified

the BEHP, Phy or GP. The values of Tg and Tgof these composites were reported in

Table 6.4. Both the temperatures of the nanocomposites with loading the LDH-BEHP,
LDH-Phy or LDH-GP resembled the pure EP and the EP/pristine LDHSs. The results
stated that the organophosphate ester-modified LDHSs did not affect the mobility of

side molecules on the EP chains and backbone of EP in the composites.
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Table 6.4 The Tg, Tg and cross-link density of the pure EP and EP nanocomposites
containing the BEHP, Phy, GP or DPP modified LDHs cured with the
DDM in the different contents of LDHSs.

Sample Tp To Ty E’ at Crosslink
(°C) (°C) (°C) Tg+30 density
(MPa) (mol/m?3)
Pure EP/DDM -51.7+1.1 - 159.2+05 17.6+35 1530+ 302.0
EP/DDM-1%  -499+04 - 161.3+0.2 241+04 2078.8+30.6
LDH-BEHP
EP/DDM-5%  -48.2+1.0 - 160.8+0.4 25.0+59 2158.0+507.8
LDH- BEHP
EP/DDM-10% -52.0+1.7 - 159.1+0.3 29.0+£6.0 2516.6+524.2
LDH- BEHP
EP/DDM-1%  -51.0+2.1 - 158.5+0.2 19.0+24 1646.1+211.1
LDH-Phy
EP/DDM-5%  -51.0+0.2 - 158.3+0.6 224+18 1948.8+155.1
LDH-Phy
EP/DDM-10% -48.4+0.4 - 159.4+04 243+23 2106.4+203.3
LDH-Phy
EP/DDM-1%  -49.8+0.9 - 1585+0.2 144+0.7 1254.2+59.7
LDH-GP
EP/DDM-5%  -49.1+10 - 158.3+0.6 16.8+3.3 1456.6+288.2
LDH-GP
EP/DDM-10% -49.5+0.3 - 159.4+04 17.2+0.1 1488.0+9.2
LDH-GP
EP/DDM- -515+0.7 709+16 159.0+0.1 178%+04 15449+328
1%LDH-DPP
EP/DDM-5%  -524+0.8 63.9+0.1 158.0+00 249+38 2397.2+40.0
LDH-DPP
EP/DDM-10% -50.2+0.4 71.9+0.1 156.7+20 33.1+21 2882.4+194.3
LDH-DPP
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However, the loss modulus and tan 6 plots of EP/LDH-DPP nanocomposites in Figure
6.15 were different from the other nanocomposites. The thermograms presented three
regions of relaxation. The two of three peaks provided the same maximum
temperatures as the other nanocomposites at around -50°C and 150°C, corresponding
to Tg and Ty, respectively. Meanwhile, another peak took place at the intermediate
temperatures between the Tg and Tg, observed around 60°C. The previous study

calling the phenomenon at this temperature was an omega transition (T,) [12].

The literature reported that this relaxation reflected the segments of unreacted
molecules and/or heterogeneity in the composites resulting from distinctive cross-
linking resins [12]. For this reason, the particles of LDH-DPP could not interact with
the cured EP/DDM. It has been speculated that the phenyl groups in the DPP
intercalated in the LDH layers, which were high stability, might not react with the
epoxy matrix. The Tg, T, and T4 of the EP nanocomposites containing the LDH-DPP

were reported in Table 6.4.

Considering the calculated cross-link density of the EP nanocomposites in Table 6.4,
it increased by adding the high loading of the organophosphate-modified LDHSs. The
trend of this result was similar to the addition of LDH-COs or LDH-NOs. The causes

of this circumstance were described previously.

To evaluate the performance of the different LDHs in the EP nanocomposites, the
5wt% LDHSs were used for the comparison. The storage modulus, loss modulus and
tan o of the samples are plotted in Figure 6.16-6.18, respectively. For all the EP/LDHs
nanocomposites, the storage modulus improved over the temperature range compared
with the pure EP. The storage modulus of EP/LDH-GP or LDH-DPP nanocomposites
was more improved than the EP/LDH-CO3 or LDH-NO3 nanocomposites. The results
suggested that the layers of the GP or DPP modified LDHSs could be exfoliated more
than the inorganic compounds-intercalated LDHSs. It might increase the surface areas
of the modified LDHSs, enhancing the stiffness in the EP nanocomposites. Thus, there
was the increase of storage modulus with adding the organophosphate-modified
LDHs.

242



Chapter 6 Characterisation of Epoxy Resin/LDHs Nanocomposites Cured with DDM

5000 —

—— EP/DDM
—— EP/DDM-5% LDH-CO;

—— EP/DDM-5% LDH-NO,

—— EP/DDM-5% LDH-BEHP
——— EP/DDM-5% LDH-Phy

< 4000 — ——— EP/DDM-5% LDH-GP
o ——— EP/DDM-5% LDH-DPP
=
N
172}
=
% 3000 —
o
=)
(]
oNn
g 2000
n
1000 —

0 — T T T T T T T T 1
-150 -100 -50 0 50 100 150

Temperature (°C)

200
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the 5 wt% loading volume of LDH-CO3z, LDH-NOs, LDH-BEHP,
LDH-Phy, LDH-GP and LDH-DPP in the curing system of DDM.
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Figure 6.17 The loss modulus of the pure EP and its nanocomposites containing
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LDH-BEHP,

LDH-Phy, LDH-GP and LDH-DPP in the curing system of DDM.
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Figure 6.18 The tan & of the pure EP and its nanocomposites containing the 5%
loading volume of LDH-COs, LDH-NOs;, LDH-BEHP, LDH-Phy,
LDH-GP and LDH-DPP in the curing system of DDM.

For the EP nanocomposites with the LDH-BEHP loading, the storage modulus was
less than the addition of LDH-CO3 or LDH-NO3. Meanwhile, the storage modulus of
EP/LDH-Phy compound seemed to be similar to the nanocomposites containing the
unmodified LDHs.

According to the flexural strength and modulus results, they indicated the
agglomeration of LDHs in the epoxy matrix. The large agglomeration of the fillers
might exist in the composites, reducing the surface interaction between the fillers and
the matrix. It decreased the elasticity of the epoxy nanocomposites. Nevertheless,
there was no change in the peaks for the loss modulus and the tan delta. Although the
LDHs interacted with the matrix and agglomerated together, they did not affect the

movement of polymer chains.

To enhance the T4 and mechanical properties of resins, the surface of LDHs should
be functionalised by interface modifiers e.g. stearic acid. The chemical structure of

stearic acid contains a carboxylic group with a long alkyl chain. The carbonyl group
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in the stearic acid can interact with the LDH with hydrogen bond, whereas the long
alkyl chain of the stearic acid bond to the DGEBA. Therefore, the surface
modification of LDH can decrease the surface energy of LDH particulates, protecting
the agglomeration of the particulate fillers in the polymer matrix.

6.6 Thermal Stability of Epoxy Resin/LDHs Nanocomposites Cured
with DDM

The thermal degradation behaviours of the pure EP and its LDHs nanocomposites
were investigated by the thermogravimetric analysis (TGA) measurement both under
nitrogen or air. The test under nitrogen was used for studying the decomposition
reacting to the only heating [13]. Meanwhile, the test under air was to evaluate the
thermal oxidation degradation simulating the decomposition in the actual environment
[14]. In general, the thermal stability of samples was mainly determined by a
temperature at 10% of the mass loss (T10%), a temperature at mid-point of mass loss
(Tso%), & temperature of maximum mass loss (Tmax) and a percentage residue at 800°C
[15]. The effect of various types and contents of the pristine and modified LDHs on

the thermal stability of DDM cured EP nanocomposites were studied.

6.6.1 Thermal Stability of EP/Pristine LDHs Nanocomposites in the DDM
Curing System under the N2 Atmosphere

Figure 6.19 demonstrated the TGA curves and their derivatives of the LDH-COs, pure
EP and EP/LDH-CO3z nanocomposites in the DDM curing system under the N:
condition. The related data were listed in Table 6.5. With the observation of the
thermograms, the pure EP presented one main stage of mass loss between 300°C and
500°C with the Tmax at 402.3°C. It was ascribed to the random scission of epoxy chains
[16] and cross-linked macromolecular networks [17, 18]. Dong et al. [19] suggested
that the ether linkage and alkyl fractions in the DDM-cured DGEBA were cleaved
during the thermal decomposition process, resulting in the volatile release of phenol,
amine, ester, ether, aliphatic hydrocarbons, water, CO, and CO. Due to the

recombination and rearrangement of degraded bonds during the heating, it induces the
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formation of stable charred structure [18]. The residual content of EP/DDM at 800°C

was 16.3%.
100 —— LDH-CO;,
—— EP/DDM
20 —— EP/DDM-1% LDH-CO3
——— EP/DDM-5% LDH-CO,
< ——— EP/DDM-10% LDH-CO,
< 60
W
W
s
40
20 -
0 T

T T T i T T T T T T T
700

300 400 500 600 800

Derivative mass (%/min)

4023
3959
30463963

100

200

300 400 500 600 700 800

Temperature (°C)

Figure 6.19 The TGA curves and their derivatives of the LDH-COs, pure EP/DDM

and nanocomposites with adding the LDH-CO3 in the flowing No.

Table 6.5 The Tio%, Tsow, Tmax and the residual mass at 800°C of the pure
EP/DDM and its nanocomposites with adding the LDH-CO3z under No.

Sample T10% (°C)  Ts0% (°C)  Tmax (°C) Mass

at 800°C (%)
EP/DDM 384.4 412.5 402.3 16.3
EP/DDM-1% LDH-COs3 384.4 411.2 395.9 17.1
EP/DDM-5% LDH-COs3 382.1 410.4 396.3 18.4
EP/DDM-10% LDH-COs3 382.4 410.8 394.6 22.5
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When the LDH-COs was incorporated in the resin matrix with a different percentage
of loading, all the epoxy nanocomposites exhibited one degradation stage with the
same decomposition temperature range as the pure EP. However, the T1osand Tso Of
all the nanocomposites were lower than the pure EP. At the 1 wt% LDH-COg, the T1o%
and Tso% of EP nanocomposite seemed no significant difference from the pure EP.
The T109% and Tsos of pure EP/DDM were 384.4°C and 412.5°C, respectively.

If the LDH-COg loading increased from 1 wt% to 5 wt% and 10 wt%, there were slight
declinations of T1o% and Tso% by around 2°C from the pure EP. Moreover, the Tmax of
all the nanocomposites shifted to lower temperatures compared to the pure EP. The
DTG peak of the pure EP was 402.3°C, whereas the EP nanocomposites containing 1
wt%, 5 wt% and 10 wt% of LDH-COs were 395.9°C, 396.3°C and 394.6°C,
respectively. Thus, the T1o%, Tso% and Tmax were likely to reduce with increasing the

LDH-COs contents in the EP nanocomposites.

Considering the thermal behaviour of LDH-COs3, it decomposed approximately in the
range of 100-500°C, providing the evaporation of water molecules in the LDH, the
dehydroxylation of metal hydroxides and the decomposition of CO, intercalated in
the interlayer spaces. It can be seen that the decomposition of LDH-CO3 was lower
than the pure EP. For this reason, the reduction of temperatures in the EP/LDH-CO3

nanocomposites was probably associated with the decomposition of LDH-COs.

Furthermore, the residue at 800°C increased with loading the LDH-CO3z from the
16.3% for the pure EP to the 17.1%, 18.4% and 22.5% for the 1 wt%, 5 wt% and 10
wt% LDH-COs, respectively. The thermal degradation of LDH-CO3 produced mixed
metal oxides such as MgO and MgAI>O4 [20]. Hence, the residue of the composites
consisted of carbonaceous char deriving from the degradation of the polymer matrix
and mixed metal oxides resulting from the dehydroxylation of LDH. This
circumstance caused the enhancement of char yield with the increase of LDH-CO3

loading.

From the above TGA results, the incorporation of LDH-CO3 at the higher contents (5
wt% and 10 wt%) in the EP nanocomposites led to the reduction of Tige%, Tso% and
Tmax, but the elevation of residual volume. These data demonstrated that the LDH-
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COs3 embedded in the resin matrix could accelerate the thermal degradation of the EP
nanocomposites and the production of more residues. Nevertheless, the results in this
study do not agree with the previous research. Tseng et al. [11] showed that the
decomposition temperature at 5% mass loss was increased by adding the LDH-COs3
in the EP nanocomposites cured with the DDM. It might be because of the curing
profile difference, affecting the formation of three-dimensional networks in the

material.

Another type of pristine LDH used as filler for the epoxy resin was LDH-NO3. Figure
6.20 compared the TGA curves and their derivatives of EP/LDH-NO3z nanocomposites
with the LDH-NO3 and the pure EP. The TGA results of the composites displayed one
stage of mass loss in the range of 300-500°C, which were similar to the pure EP. As
the main compositions of EP/LDH-NOz nanocomposites were the cured epoxy resin,
the mass loss of nanocomposites in the TGA curves represented the degradation of
cured EP.
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Figure 6.20 The TGA curves and their derivatives of the pure EP/DDM and its
nanocomposites with adding the LDH-NO3z under the flowing No.

With the incorporation of 1 wt% LDH-NOs3, there were the slight reductions of T
and Tsox by approximately 3°C for the EP nanocomposite, compared with the unfilled
EP. Also, the Tmax of EP/1% LDH-NOs3 (393.5°C) was much lower than that of the
pure EP (402.3°C). When the 5 wt% and 10 wt% of LDH-NO3z were blended to the
resin matrix, the T1oe%, Ts0% and Tmax Of the EP nanocomposites depressed gradually.
Besides, the addition of LDH-NOs at the higher loading caused the increase of the
residual yield at 800°C from 16.3% for the pure EP to 18.8% for the 10% loading of
unmodified LDH. Table 6.6 summarised the TGA data of the unfilled EP and its

nanocomposites containing the different contents of LDH-NOs.
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Table 6.6 The Tio%, Tsow, Tmax and the residual mass at 800°C of the pure
EP/DDM and its nanocomposites with adding the LDH-NO3 under Na.

Sample T10% (°C)  Tso% (°C) Tmax Mass

at 800°C (%)
EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-1% LDH-NO3 381.4 409.4 393.5 16.9
EP/DDM-5% LDH-NOs3 378.4 411.3 388.2 18.4
EP/DDM-10% LDH-NO3 376.0 409.1 393.4 18.8

Compared with the incorporation of LDH-COs, the EP/LDH-NOs nanocomposites
provided the same thermal behaviour trend as the LDH-COs. The T1o%, Ts0% and Tmax
decreased, but the residue increased with loading the unmodified LDHSs at the higher
contents. As described previously, the reduction of decomposition temperatures in the
nanocomposites occurred under the LDHs loading. This event led to the fast
production of char residues. The formation of char at the lower temperature was a

good performance for the application of flame-retardant fillers.

6.6.2 Thermal Stability of EP/Modified LDHs Nanocomposites in the DDM
Curing System under the N2 Atmosphere

The influence of LDH modified with the various organophosphate ester-based anions
on the thermal stability of EP nanocomposites was studied. The TGA thermograms
and their derivatives of EP nanocomposites filling the LDHs modified with the BEHP,
Phy, GP and DPP were shown in Figure 6.21-6.24, respectively. The Figures also
displayed the TGA results of the organophosphate compounds used as the reagents to
modify LDHs, the modified LDHs and the pure EP. For the crucial results in the
thermograms of samples, they were presented in Table 6.7-6.10.
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Figure 6.21 The TGA curves and derivatives of the BEHP, LDH-BEHP, pure
EP/DDM and nanocomposites with adding the LDH-BEHP under N2

atmosphere.

Table 6.7 The T1o%, Tso%, Tmax and the residue at 800°C under N2 atmosphere of the
pure EP/DDM and its nanocomposites containing the LDH-BEHP

Mass
Sample T10% (°C)  Tsou (°C) Trmax
at 800°C (%)
EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-1% LDH-BEHP 369.1 394.5 3814 15.3
EP/DDM-5% LDH-BEHP 383.8 412.6 396.9 17.2
EP/DDM-10% LDH-BEHP 375.1 405.8 395.0 24.3
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Figure 6.22 The TGA curves and derivatives of the Phy, LDH-Phy, pure EF/DDM

and nanocomposites with adding the LDH-Phy under N2 atmosphere.

Table 6.8 The T1o%, Ts0%, Tmax and the residue at 800°C under N. atmosphere of the
pure EP/DDM and its nanocomposites containing the LDH-Phy

Mass
Sample T10% (°C)  Tsow (°C) Tmax
at 800°C (%)
EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-1% LDH-Phy 371.3 399.6 385.9 16.9
EP/DDM-5% LDH-Phy 386.4 419.1 400.8 17.7
EP/DDM-10% LDH-Phy 386.9 419.8 396.1 24.1
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Figure 6.23 The TGA curves and derivatives of the GP, LDH-GP, pure EP/DDM and
nanocomposites with adding the LDH-GP under N2 atmosphere.

Table 6.9 The T1o%, Tso%, Tmax and the residue at 800°C under N2 atmosphere of the
pure EP/DDM and its nanocomposites containing the LDH-GP

Mass
Sample T10% (°C)  Tsow (°C) Tmax
at 800°C (%)
EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-1% LDH-GP 375.4 407.4 387.5 17.1
EP/DDM-5% LDH-GP 376.2 4104 385.6 18.2
EP/DDM-10% LDH-GP 391.0 422.5 402.7 19.8
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Figure 6.24 The TGA curves and derivatives of the DPP, LDH-DPP, pure EP/DDM

and nanocomposites with adding the LDH-DPP under N2 atmosphere.

Table 6.10 The T1o%, Ts0%, Tmax and the residue at 800°C under N» atmosphere of the
pure EP/DDM and its nanocomposites containing the LDH-DPP

Mass
Sample T10% (°C)  Tsow% (°C) Tmax
at 800°C (%)
EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-1% LDH-DPP 382.3 410.1 395.0 17.5
EP/DDM-5% LDH-DPP 380.6 413.1 394.9 22.4
EP/DDM-10% LDH-DPP 377.8 412.7 395.9 23.4

The thermograms of all EP/modified LDH nanocomposites displayed one step of
weight loss between 300°C and 500°C. The decomposed temperature ranges of each

composite were nearby the thermal degradation temperature of pure EP. However, the
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T10%, Tso%, and Tmax Were shifts in the epoxy nanocomposites with the variation of
LDH contents and types compared to the pure EP. The mass loss in all the composites

can be attributed to the random breakage of bonds within the cured epoxy resin.

The addition of 1 wt% modified LDHSs reduced the T1o%, Ts0% and Tmax from the pure
EP. The temperatures at 10% mass loss were 369.1°C, 371.3°C, 375.4°C and 382.3°C
and the temperatures at 50% mass loss were 394.5 °C, 399.6°C, 407.4°C and 410.1°C
for the loading of 1 wt% LDHs modified with the BEHP, Phy, GP and DPP,
respectively. The Tmax Of resin composites containing the 1 wt% LDH-BEHP, LDH-
Phy, LDH-GP and LDH-DPP were lower than that of pure EP (402.3°C) by 20.9°C,
16.4°C, 16.3°C and 7.3°C, respectively.

Considering the mass loss in the pure organophosphate ester-based reactants and the
LDHs modified with those compounds, both decomposed in the range of 100°C to
650°C. It can be seen that the decomposition temperatures of all the pure
organophosphate compounds and the modified LDHs were lower than that of the pure
EP. The reduction of decomposition temperatures in the EP nanocomposites might
cause the thermal decomposition of the organophosphate compounds intercalated in

the layers of LDH and the metal hydroxides in the lamellae.

When the loading contents of modified LDHSs increased to 5 wt%, all the three
temperatures of most nanocomposites still were lower than those of the pure EP but
higher than the EP/1% LDHs nanocomposites. This trend excluded the addition of
LDH-Phy. The degradation of the organic compounds and the layers in the modified
LDHs might affect the decrease of T1o%. However, the temperatures at the mid-point
decomposition of all EP/5%LDHs nanocomposites increased slightly. The results
could imply that the initial thermal degradations of the EP nanocomposites provided
the decomposition of modified LDHs, inducing the reduction at theT1os%. Afterwards,
the organophosphate-modified LDHs can impede the degradation of EP
nanocomposites. That meant the thermal stability of EP compounds enhanced with

the component of modified LDHs.

Meanwhile, the addition of 10 wt% modified LDHs encouraged the increase of Tiou
in some EP nanocomposites containing the Phy and GP. At the mid-point percentage
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of mass loss, the temperatures of the EP nanocomposites were higher than the pure
EP. It was the same reason as in the addition of the 5% modified LDHs, described
above. In addition to the enhancement of decomposition temperatures, the high
loading contents of LDHSs in the resin matrix led to the gradual increase of the
percentage residues at 800°C. As the thermal decomposition at the high temperature
of the organophosphate ester-based anions in the LDHs could produce the
carbonaceous char, and the layers of LDHs could promote the metal oxides, the mass
of residue in the EP nanocomposites increased.

As observed in the literature, one published paper on the efficiency of LDHs
intercalated the BEHP and Phy on the thermal stability of polymers. Wang et al. [21]
indicated that the addition of 10% LDH-BEHP could improve the thermal stability of
PMMA composites due to the slight increases of decomposition temperatures at 10%
and 50% mass loss. On the contrary, the thermal stability of PS composite with the
10% loading of LDH-BEHP reduced.

For the Phy intercalated LDH, the initial decomposition at 5% mass loss of the PP
composites combining ammonium polyphosphate (APP) and LDH-Phy took place at
the lower temperature than the PP/APP composite [22]. Furthermore, the
incorporation of LDH-Phy enhanced the thermal stability of polymer composites-
based PLA and intumescent flame retardant [23]. From the literature, it can be seen
that the influence of LDH-BEHP and LDH-Phy on the thermal behaviors of epoxy
resin was not studied. However, the thermal behaviors of epoxy resin nanocomposites
containing the LDH-BEHP or LDH-Phy obtained from this study presented the same
trend as the previously studied polymers. The incorporation of both modified LDHs
enhanced the thermal stability of epoxy resin. At the higher content of LDHSs, the
nanocomposites exhibited the higher temperature of decomposition and the more
content of char residues. The increases of thermal stability and char content were
positive results for the enhancement of flame retardancy of epoxy resin
nanocomposites. Hence, it is possible to use the LDH-BEHP and LDH-Phy as the
flame retardants for the epoxy resin.
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6.6.3 Comparison of Thermal Behaviours of EP/DDM Nanocomposites with the
Addition of LDHs Modified with Different Organophosphate Ester-Based

Anions

The efficiency of LDHs modified with the various types of organophosphate ester-
based anions on the thermal stability of EP nanocomposites was compared under N2
or air flows, respectively. The 5 wt% loadings of LDHs were used for the efficiency

comparison.

6.6.3.1 TGA Test under N2 Atmosphere

The thermal behaviours of the pure EP and the epoxy nanocomposites containing the
different LDHs in the flowing N2 were shown in Figure 6.25, and the vital data from
the TGA were presented in Table 6.11. It was found that the additions of the
unmodified and modified LDHs resulted in the reduction of the T10% and Tso in all
the EP nanocomposites except the incorporation of LDH-Phy. The decomposition
temperature of EP/5% LDH-Phy composites was higher than the pure EP by 2.0°C
and 6.6°C for the T1o9 and Tso, respectively. Moreover, the temperature of maximum
mass loss rate in the EP/modified LDHs nanocomposites presented the same trend as

the T109% and Tsg.
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Figure 6.25 The TGA curves and their derivatives of the pure EP and the EP/LDHs

nanocomposites with the different types of LDHs under N2

Table 6.11 The T1o%, Ts0%, Tmax and residue at 800°C under N of the pure EP and its

nanocomposites containing the different types of LDHSs at 5 wt% loading

Sample T10% (°C)  Ts0% (°C) Tmax Mass
at 800°C (%)

EP/DDM 384.4 412.5 402.4 16.3
EP/DDM-5% LDH-NO3 378.4 411.3 389.5 184
EP/DDM-5% LDH-BEHP 383.8 412.6 396.9 17.2
EP/DDM-5% LDH-Phy 386.4 419.1 400.8 17.7
EP/DDM-5% LDH-GP 376.2 410.4 385.6 18.2
EP/DDM-5% LDH-DPP 380.6 413.1 394.9 22.4
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The obtained results indicated that the existence of LDHs intercalated with the NOg,
BEHP, GP or DPP in the EP matrix could reduce the thermal decomposition
temperature of the EP nanocomposites due to the decrease of T1o% and Tso% and Tmax.
The decomposition of P-O-C bonds interacting between the cured resins and the
modified LDHs at the low temperature might reduce the decomposition temperature
in the resin nanocomposites. Meanwhile, the LDH exfoliated with the Phy contributed
to the slight increase of the Tmax from the pure EP. It could imply that the addition of
LDH-Phy increased the thermal stability of the EP nanocomposites.

Furthermore, the residues of EP nanocomposites obtained in the end of TGA increased
by 0.9-6.1% with incorporating the 5 wt% pristine or modified LDHs from the pure
EP/DDM (16.3%). The residual amounts with loading the LDH-BEHP, LDH-Phy or
LDH-GP were not significantly different; however, they were higher than the loading
of LDH-NOz. All of three modified LDHs induced the decomposition and
volatilisation of products more than the LDH-NOs. According to the TGA results of
LDHs in the Section 5.6.2.6, there was the decomposition of organophosphate ester
compounds in the LDHSs, inducing the volatilised products of phosphorus-containing
compounds. Hence, the char residues reduced with loading the LDH-BEHP, LDH-
Phy or LDH-GP. However, the addition of LDH-DPP provided the highest content of
char residue at 22.4 %. It was due to the high thermal stability of aromatic groups in
the DPP. The char residue obtained from the thermal decomposition of EP/LDH-DPP

nanocomposite might contain aromatic compounds.

6.6.3.2 TGA Test under the Air Atmosphere

The thermal stability of samples in air was investigated to represent the actual
environment for burning. Figure 6.26 showed the TGA curves and their derivatives of
the pure EP and the EP/LDHs nanocomposites under the flowing air, and Table 6.12
presented the important TGA data of the samples. The two stages of the mass loss
process were displayed in the TGA curves. The first stage took place between 250°C
and 500°C and the second stage occurred in the range of 500-700°C. It was noticeable
that there was a difference of thermograms run under air and N2. Under N flow the
samples possessed a single degradation temperature, while the temperature dependent

degradation in air is more complex in all samples.
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Figure 6.26 The TGA curves and their derivatives of the pure EP and the EP/LDHs

nanocomposites with the different types of LDHs under air.

Table 6.12 The T10%, Tso%, Tmax and residue at 800°C under air of the pure EP and its

nanocomposites containing the different types of LDHs at 5 wt% loading.

sample T10% Ts0% Tmaxa  Tmaxe Mass
(°C) (°C) (°C)  (°C) at800°C (%)
EP/DDM 395.0 460.1 408.3 605.9 0.0
EP/DDM-5% LDH-NOs3 388.7 454.0 4015 608.1 1.7
EP/DDM-5% LDH-BEHP 393.9 440.8 418.3 626.0 1.2
EP/DDM-5% LDH-Phy 394.9 459.2 402.5 642.9 2.8
EP/DDM-5% LDH-GP 386.3 458.9 403.6 611.3 0.7
EP/DDM-5% LDH-DPP 387.2 439.7 397.3 607.1 2.3
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For the pure EP cured with the DDM, the first stage of the mass loss appeared in the
range of 300-500°C with the maximum mass loss rate temperature at 408.3°C under
air. Comparing with the analysis under N> atmosphere, the first stage of mass loss in
the air occurred in the same temperature range. Therefore, the possibility of mass loss
of the pure EP/DDM under air flow at this stage was the thermal degradation of
polymer chains and cross-link networks. During the thermal decomposition of the

cured EP, there was the release of gaseous fractions.

According to the previous studies, the volatile products produced from the
degradation of the DDM-cured DGEBA between 380°C and 450°C under the air were
derivatives of phenol and compounds containing aromatic rings, alkane, ester, ether,
COz and CO [24]. At the second stage of the mass loss process, it was at 500-700°C
with the maximum mass loss rate temperature at 605.9°C. This process occurred in
the thermal-oxidative reaction of char produced in the first stage of decomposition
[25].

With the loading of LDHSs, the Tio% and Tsgo Of the epoxy nanocomposites were
shifted to the low temperature by comparison with the pure EP excluding the LDH-
Phy. Both the T10% and Tsos wWere in the first event of mass loss. The results indicated
that the composites could decompose easier than the pure EP due to the participation

of LDH decomposition.

At the temperature of 300-450°C, the LDHs lost water molecules in the interlayer
regions and the dehydroxylation of metal hydroxide layers, contributing to the end
products of mixed metal oxides. These characteristics could reduce the decomposition
temperatures of the epoxy nanocomposites. The fillers with the highest efficiency of
T1o0% and Tsoy reduction was the LDH-BEHP and LDH-DPP. However, the Tmax of
this decomposition stage of the EP/LDH-DPP nanocomposites was lower than that of
the EP/LDH-BEHP nanocomposites. Therefore, the LDH-DPP was the highest
performance for the temperature reduction in the first stage decomposition of EP

nanocomposites.

For the second mass loss event, it was worth noting that the EP/LDH-Phy provided a
broad temperature range of decomposition (500-700°C), whereas the other composites
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decomposed between 500°C and 650°C. The Tmax of EP/LDH-Phy composite
(604.6°C) was higher than any other nanocomposites (607.1-626.0°C). Hence, at the
higher temperature, the adding of LDH-Phy could improve the thermal stability of

epoxy resin.

At 800°C, the char residue of pure EP was 0, while the nanocomposites containing
LDH-NOs, LDH-BEHP, LDH-Phy, LDH-GP or LDH-DPP provided the mass at
1.7%, 1.2%, 2.8%, 0.7% and 2.3%, respectively. It can be seen that the residual mass
of samples increased with incorporating the LDHs. The addition of LDH-Phy
contributed to the highest amount of residues, correlating to the molecular weight used
to modify the LDHs.

Overall, the TGA results under N2 and air stated that the incorporation of LDHs
accelerated the thermal decomposition of the epoxy nanocomposites at the ranges of
300-450°C, including the char formation. At the higher temperature, the char produced
in the first stage of decomposition increased the thermal oxidation stability of the
compositions. These phenomenon of LDHs were positive consequences for the

application of flame retardant fillers.

6.7 Combustion Behaviors of Epoxy Resin Nanocomposites Cured
with DDM

As mentioned in Chapter 2 of the background on the characterisation of combustion
behaviours for plastics, the perfect technique is the cone calorimetry. It can detect
heat, volatile components and smoke during combustion. The time of ignition and
combustion also are measured. The initial research plan of this study was the
characterization of combustion behaviours with the cone calorimeter at the University
of Bolton. However, this plan has been cancelled due to a long period of COVID-19
pandemic and national lockdown. The Government and The University have
announced the health and safety measures during the pandemic. They affected the
travel and the working in the laboratory. Thereby, it was necessary to look for a new

optional method to set the burning test in the department.
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This study selected the UL-94 method because it is not complicated for the setting-up
and does not need a specific instrument. Although the UL-94 test cannot provide the
same result data as the cone calorimetry, it gives the ignition time, flammability and
burning behaviours of the polymeric sample. This combustion test would be carried
out in both horizontal and vertical directions. All the burning tests were recorded
videos with a mobile phone to measure the burning time and observe the burning

behaviors.

6.7.1 Burning Test in Horizontal Direction

The initial burning test was conducted in the K04 laboratory, which was the polymer
composites’ laboratory. It is well known that the combustion of polymers produces
smoke and soot. The burning test was operated in a laboratory fume hood for the
preliminary test. From the observation, it was found that large amounts of smoke and
soot released during the combustion. As the contaminated air around the burning area
was suctioned into the fume hood system to trap the particles and odours in the filter
before all get extracted outside, the smoke and soot occurred the burning might
enforce the fouling of fillers. From this problem, it had an idea to collect the soot by

using a vacuum cleaner connecting to a large metal funnel.

According to the ASTM D635 Standard of burning test in horizontal direction [26].
The two reference lines were marked on the surface of the sample specimen at 25 mm
and 100 mm from the free end. The fire source was applied at the end side for 30 s
and then moved away. If the flame passes the first marked line, the time would be
stated to record. In practically, the sample was extinguished before the flame reached
the first marked line. The photo snapshots of the combustion test in the horizontal
position in the K04 laboratory are presented in Figure 6.27. It was expected that the
suction of the vacuum cleaner might affect the air flow around the burning area
because the air flowed in the vertical direction, which was the opposite direction with

the flame.
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After the ignition 28s

Figure 6.27 The horizontal burning test in the K04 laboratory.

Although there was a reduction of specimen dimension in the width and thickness, the
flame could not pass through the reference line. As the tests operated in the fume hood
and under the suction, the testing area's airflow might not be appropriate for the

burning test.

Due to the above-failed results in the laboratory fume hood, a new place for the
burning test was an area with a fume extraction hood in the Quarrell laboratory. This
place was designed for the burn of materials with a fire safety system and good
ventilation. The consequence of the test showed that the flame on the sample
extinguished before the first reference line, as provided in Figure 6.28.
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After the ignition for 10s

After the ignition for 30s

After the ignition for 60s

After the ignition for 65s

Figure 6.28 The horizontal burning test in the Quarrell Laboratory.

The results demonstrated that the horizontal burning test might not be appropriate for
the flammability evaluation of the epoxy resin of DGEBA/DDM. Most of the
literature did not test the flammability in the horizontal direction.

6.7.2 Burning Test in Vertical Direction

The preliminary burn test in the vertical position was in the fume hood in the K04
laboratory. The ASTM D3801 Standard has been approved to evaluate the
flammability of polymers in the vertical direction [27]. The guidelines of the specimen
dimension and the testing procedure in this standard were followed. The burn test of
the DGEBA/DDM found that the whole specimen was entirely burned, as shown in

Figure 6.29. As described in the horizontal burn test, many smokes and soots are
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released during combustion. It might impair the fume extraction system. Therefore,

the burning experiments should not conduct in the fume hood.

After ignition After ignition After ignition After ignition After ignition
for 10s for 30s for 60s for 120s for 137s

Figure 6.29 The experimental setting of vertical flammability test in the K04

laboratory.

With the test execution in the Quarrell laboratory, the fire was over the specimen of
DGEBA/DDM and the gaseous and solid products generated during the combustion
were suctioned to the fume extraction hood. This result indicated that the burning
experiment set at the Quarrell laboratory was successful. Therefore, the Quarrell

laboratory area was an appropriate place to test the cured epoxy resin's flammability.

This study investigated the combustion behaviours of pure EP and its nanocomposites
with the vertical UL-94 test. The photo snapshots of representative pure EP/DDM and
EP/DDM-5% LDHs nanocomposites during the UL-94 test are shown in Figure 6.30.
After the first and second flame applications, the burning times were recorded in t;
and ty, respectively. The five specimens of each sample were used to determine the
average value and standard deviation. The testing results in the pure EP/DDM and the
EP/DDM-5% LDHs nanocomposites were reported in Table 6.13.
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Table 6.13 The combustion time and burning characteristics of the pure
DGEBA/DDM and its nanocomposites incorporating the 5% wt LDHSs.

Additives t1 in each toineach  ti+t> for five  Flame  Dripping  Rating
specimen specimen specimens to
(s) (s) () clamp
No fillers 89+19 181 +18 1346 Yes Yes NA
5%LDH-COs 38 £ 27 165+ 14 1014 Yes Yes NA
5%LDH-NO3 47 + 24 117 + 46 819 Yes Yes NA
5%LDH-BEHP 26 £5 42 +10 340 No No NA
5%LDH-Phy 21+13 64 + 14 425 No No NA
5%LDH-GP 26+7 66 £ 5 459 No No NA
5%LDH-DPP 279 45+10 357 No No NA

After the first ignition, all the samples continued burning without the fire dripping,
and then the fire extinction. The average t1 decreased significantly over 50% with the
addition of 5% LDHs compared to the pure EP, especially the addition of
organophosphate ester-modified LDHs. According to the TGA results of samples
under air in the Section 6.6.3.2, the decomposition temperatures of the EP/DDM-5%
LDHs nanocomposites were lower than the pure EP. These circumstances stated that
the LDHSs accelerated the decomposition of epoxy nanocomposites, leading to the
volatilisation and char formation at the lower temperatures. It meant the formations
of char and volatile products in the epoxy nanocomposites were more accessible than
the pure EP. Both the products could obstruct the fire spread to the epoxy resins.
Thereby, there was the reduction of t1 with incorporating the LDHSs. It indicated that
the t; of the modified LDHs loading was less than the unmodified LDHSs. It stated that
the EP nanocomposites with adding the modified LDHs were more difficult to ignition

than the epoxy samples with the loading of the unmodified LDHs.

When the first flame extinguished, the second flame application would be processed
immediately. The pure EP burned vigorously until the flame reached the clamp.

Besides the burning, there was appearance of fire dripping during the combustion.
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This result showed that the pure EP was high flammability. For the loading of the
LDH-COs or LDH-NOs3, these composites' combustion behaviours were similar to the
pure EP--that is, the whole specimens combusted and had the fire dripping to the
ignited cotton. Nevertheless, the t> of the epoxy nanocomposites were less than the
pure EP. It was because of the lower decomposition temperature of the EP/LDH-CO3

or -NO3 nanocomposites. It caused both nanocomposites decomposed quickly.

Meanwhile, the second ignition to the EP nanocomposites adding the 5% modified
LDHs induced the combustion for a while, and then the fire had gone out. The flame
could not get through the clamp, and the fire dripping did not present during the
burning. The circumstance might result from the influence of organophosphate
compounds modified in the LDHs. The literature stated that the organophosphate
compounds could accelerate the char formation during the thermal degradation of
polymers. The produced char layers prohibited the permeation of flame, heat and

combustible gases through the burning surface.
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Figure 6.30 The digital photos of the pure DGEBA/DDM and it nanocomposites with

the 5% LDHSs during the UL-94 test.
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Figure 6.30 The digital photos of the pure DGEBA/DDM and it nanocomposites with

the 5% LDHSs during the UL-94 test. (continued)

After the burning test, the characteristics of the pure EP cured with the DDM and its
nanocomposites with the 5wt% were displayed in Figure 6.31. It could be seen clearly
that the additions of 5 wt% pristine LDHs were not able to stop the combustion of the
EP/DDM. However, all of the modified LDHs at 5 wt% loading could retain the
structural EP/DDM after the burning.
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EP/DDM EP/ DDM- EP/ DDM-
5% LDH-CO3 5% LDH-NO3

EP/ DDM- EP/ DDM- EP/ DDM- EP/ DDM-
5% LDH-BEHP 5% LDH-Phy 5% LDH-GP 5% LDH-DPP

Figure 6.31 The char characteristics after the flame test of the pure DGEBA/DDM
and its composites with the 5% LDHs.

For the classification of material flammability by following the criteria in the standard
ASTM D3801 detailed in Table 6.14, there are categorised into three groups: V-0
(non-flammable materials), V-1 (moderately flammable materials) and V-2
(flammable materials). Considering the ti, t> and total of t; and t> and combustion
behaviours of all the samples in Table 6.14, they could not be classified as the criteria

in the standard.

Table 6.14 Criteria and classification of vertical burning behaviour following by
ASTM:D3801 [20].

] Categories
Requirement

V-0 V-1 V-2
t, for each specimen <10s <30s <30s
T, for each specimen <30s <60s <60s
Total time of t; and t, for five specimens <50s <250s <250s
Burning processes to the holding clamp No No No
Dropping of flame particles No No Yes
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Furthermore, the effect of the increasing LDHSs content at 10 wt% in the epoxy matrix
on the combustion behaviours was studied. The characteristics of representative
samples during the burning test were shown in Figure 6.32. Besides, the data obtained
from the test were presented in Table 6.15. It can be seen that the t; and t2 of the
EP/LDHs nanocomposites reduced significantly, comparing to the pure EP. The
combustion of all nanocomposites did not provide the fire spread to the clamp, and

the flame drips.

EP/DDM I I

1* application10s 60s 90s

2" application 10s 60s 120s 180s
EP/DDM-

10% LDH-CO3

1% application10s

2" apllcatlon 10s
EP/ DDM-
10% LDH-NOs

1* application10s

2" application 10s 30s 38s
Figure 6.32 The digital photos of the pure DGEBA/DDM and it nanocomposites with

the 10% LDHs during the UL-94 test.
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Figure 6.32 The digital photos of the pure DGEBA/DDM and it nanocomposites with
the 10% LDHs during the UL-94 test. (Continued)
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Table 6.15 The combustion time and burning characteristics of the pure

DGEBA/DDM and its nanocomposites incorporating the 10% wt

LDHs.
Additives trineach trineach  ti+to forfive  Flame Dripping Rating
specimen  specimen specimens to
(s) (s) (s) clamp

No fillers 89+19 181 +18 1346 Yes Yes NA
10%LDH-CO3 26+ 3 15+8 205 No No V-1
10%LDH-NOs3 9+4 407 248 No No V-1
10%LDH-BEHP 12+4 20+ 8 159 No No V-1
10%LDH-Phy 15+8 21+15 176 No No V-1
10%LDH-GP 21+2 21+ 3 211 No No V-1
10%LDH-DPP 12+5 23+6 176 No No V-1

From the visual characterisation of samples after the flame test in Figure 6.33, it could
be observed that both the pristine LDHs and the modified LDHs at 10 wt% loadings
were able to stop the combustion of the EP/DDM. The results of burning indicated
that the combustion of EP/DDM were self-extinquish with the loading at 10 wt% for

the pristine LDHs or at 5 wt% for the modified LDHs.

P57}

EP/DDM

EP/DDM-

10% LDH-COs3

EP/ DDM-
10% LDH-NOs

Figure 6.33 The char characteristics after the flame test of the the pure
DGEBA/DDM and its composites with the 10% LDHSs
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Figure 6.33 The char characteristics after the flame test of the the pure DGEBA/DDM

and its composites with the 10% LDHs (continued)

As described previously, the LDHs played a vital role in decreasing the degradation
temperatures and accelerating the char formation of the EP nanocomposites. The rise
of LDHs loading was possible to reduce the decomposition temperature of the EP
nanocomposites, enhancing the char volumes. Both the phenomena can inhibit the
flammability of the thermosets. Therefore, the flame retardancy of epoxy resins

enhanced with the addition of LDHSs at a higher volume.

Considering the difference of LDHSs, the total burning times of epoxy resin
nanocomposites with the components of the organophosphate modified LDHs were
less than that of the inorganic intercalated LDHs. The decomposition of the
organophosphate compounds can generate phosphoric acid, acting as the accelerating
agent for the char formation. The results stated that the modified LDHs were more
flame retardancy efficiency than the unmodified LDHs.

With the flammability classification of the samples as the standard, all the
nanocomposites were defined in the V-1 class. It expected that the epoxy
nanocomposites could achieve the V-0 (non-flammable class) by incorporating the
modified LDHs over 10 wt% loadings.

From the burning tests, the characterisation in the horizontal direction might be not
appropriate to evaluate the flammability of epoxy resin. This study carried out the
burning test in the vertical position. The results indicated that the 5 wt% loadings of
LDHs decreased the burning time of the DGEBA/DDM nanocomposites, especially
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the organophosphate-modified LDHs. They could improve flame retardancy. At the
10 wt% LDHs contents, the flammability of the epoxy nanocomposites reduced
significantly. Hence, this study has successfully enhanced the flame retardancy of the
epoxy resin cured in the DDM system with the organophosphate-modified LDHs.

6.8 Summary

The recent study aimed to enhance epoxy resin's flame retardancy by incorporating
the organophosphate ester modified LDHs (LDH-BEHP, LDH-Phy, LDH-GP and
LDH-DPP). This chapter concentrated on the characterisation of DGEBA resin cured
with the DDM hardener and its nanocomposites containing the various LDHs at the
1, 5 and 10 wt% loading. The flexural behaviours, dynamic mechanical properties,
thermal stability and burning behaviours of all samples were characterised by using
the flexural testing, DMA, TGA and burning test, respectively.

From observing visual characteristics and evaluating flexural properties, the
preparation of EP/LDHs nanocomposites using the solvent, sonication, and stirring
was more appropriate than the only stirring. The incorporation of pristine or modified
LDHs decreased the flexural strength and flexural modulus of the EP nanocomposites
with the pure EP due to the agglomeration of LDHs. However, the storage modulus
and loss modulus of the EP nanocomposites with adding increased with adding the
LDHs.

By comparing the pure EP, the incorporation of the pristine or modified LDHSs
decreased the flexural strength and flexural modulus, but it increased the storage
modulus and loss modulus in the glassy state. The agglomerated LDHSs acted as the
inorganic fillers, enhancing the stiffness of the EP nanocomposites and the friction of
polymeric chain movement. The increase of filler contents led to the rise of flexural
properties and dynamic mechanical properties. Furthermore, the properties of most
EP nanocomposites containing the modified LDHs were more significant than the
pure EP.
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For the TGA results, the EP nanocomposites adding the LDHs decomposed at the
lower temperature than the pure EP under N2 or air atmospheres, especially
incorporating the modified LDHSs. It indicated that the LDHs accelerated the
decomposition of the EP matrix, resulting in the char formation at the lower
temperature. The higher contents of LDHSs, the more char volumes. The volatiles and
char residues produced at lower temperature could delay the combustion of the

polymer materials.

Considering the burning tests of the samples cured with the DDM, it was found that
the test in the horizontal direction was not suitable for the epoxy resin material. This
study focused on the burning test in the vertical direction. The whole specimens of the
pure EP and the EP/pristine LDHs were burned, and they showed the flame dripping
during the combustion. Meanwhile, the addition of 5 and 10 wt% modified LDHs
reduced the ignition time and extinct the flame without the flame dripping. Hence, the
organophosphate ester-modified LDHs enhanced flame retardancy efficiency for the
DGEBA cured with the DDM.
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Chapter 6 presented the potential of pristine and organophosphate ester-modified
layered double hydroxides (LDHs) on the characteristics of diglycidyl ether of
bisphenol A (DGEBA) cured with the diamino diphenyl methane (DDM). The pristine
LDHSs were the carbonate or nitrate intercalated LDHSs, which were the abbreviations
of LDH-COs and LDH-NOs, respectively. For the modified LDHs, they were the
intercalation of anions of bis(2-ethyl hexyl) phosphate (BEHP), phytate (Phy),
glycerophosphate (GP) and diphenyl phosphate (DPP). The abbreviations of the
modified LDHs were LDH-BEHP, LDH-Phy, LDH-GP and LDH-DPP, respectively.
The types and contents of LDHs employed in this chapter are similar to the previous
chapter. However, there is a difference in the curing agent used for the epoxy (EP)
curing. The diamino diphenyl sulfone (DDS) is the curing agent focused on this
chapter.

The early chapter explains the curing mechanism of DGEBA with the DDS. Then,
there is an investigation of the dispersion of LDHs in the epoxy matrix. Besides, the
flexural properties, dynamic mechanical behaviours, thermal stability and combustion
behaviours of the pure EP and the EP/LDHs nanocomposites in the DDS curing

system will be discussed further.

7.1 Mechanism of DDS Curing with DGEBA

As mentioned previously, this chapter concentrated on the curing of epoxy
nanocomposites with the DDS. The pure epoxy resin was also prepared to compare
the properties with its composites containing the LDHs. For preparing the pure
EP/DDS, the DGEBA and DDS were blended entirely and heated in the oven under
the curing cycle. The procedures of EP/DDS curing resembled the EP/DDM curing;

however, there were differences in mixing and curing temperatures.

The mixing temperature in the DDS curing system was higher than that of the DDM
curing system. The probable explanation was that the melting point of DDS (146-
151°C) is higher than the DDM (88-92°C), requiring the higher applied heat energy
for the dissolving and blending [1]. Likewise, the curing temperature of the EP/DDS
system was higher than the EP/DDM system. Ling et al. [2] suggested that the curing
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temperature of DGEBA correlated to the electron density within the molecule of
curing agent. For the DDS molecule, the sulfonate group (-SO2-), an electron-
withdrawing group, drawn electron away from the amines. It provided a negative
effect on the reaction between the epoxy and amine groups. Meanwhile, the methylene
group (-CH>-) in the DDM corresponded to an electron-donating group, increasing
the reactivity of amine groups. Therefore, the reactivity of DDS with epoxy was less
than DDM being necessary to apply the higher temperature for the epoxy curing with
DDS.

The curing mechanism of DGEBA/DDS was the same as the DGEBA/DDM because
of the similarity of the aromatic amines in the primary chemical structure. The amine
groups in the DDS interact with the epoxy groups in the resin, leading to the formation
of cross-linking networks. The schematic reaction of DGEBA and DDS is presented

in Figure 7.1.
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Figure 7.1 Schematic curing reaction of DGEBA monomers and DDS. [2]
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7.2 Visual Characteristics of EP/DDS Nanocomposites Incorporating
LDHs

The Section 6.2 stated that the preparation procedure of EP/LDHs nanocomposites
using the blending solvent, sonication, and stirring was more significant than the only
use of mechanical stirring. Therefore, the former was selected to prepare the EP/DDS-
LDHs composites with the various types and contents LDHSs.

All the cured samples were observed on the cut-edge surface to consider roughly the
distribution of LDHs fillers in the epoxy matrix. Table 7.1 displays the visual photos
of the cross-section surface in each sample. All the composites had a consistency of
colour on the surface even if the loading contents of LDHSs increased. These results
were expected that the epoxy nanocomposites had a good distribution of the fillers in

the matrix.

Table 7.1 The cross-sections of EP/DDS nanocomposites incorporating the various
LDHs

Sample Contents of LDHs

1% 5% 10%

EP/DDM-LDH-CO3

EP/DDM-LDH-NO3

EP/DDM-LDH-BEHP

cted mould side 0.2 mm

EP/DDM-LDH-Phy
EP/DDM-LDH-GP

EP/DDM-LDH-DPP
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7.2Flexural Properties of Pure EP and EP/LDHs Nanocomposites in
DDS Curing System

For the three-point bending test, it provided the flexural mechanical properties of the
materials. The flexural strength and flexural modulus of the pure EP cured with DDS
were 185.2 MPa and 3062.2 MPa, respectively. Table 7.2 compared the flexural
strength and flexural modulus of the pure epoxy cured with the DDS or DDM. It can
be seen that the average value of flexural strength of EP/DDS was slightly higher,
whereas the average value of flexural modulus of EP/DDS was lower than the
EP/DDM. However, the standard deviation range of flexural strength values for the
EP/DDS covered the values of EP/DDM and the range of flexural modulus values for
EP/DDS were in the standard deviation range of the EP/DDM. Thus, there was not

much difference between two epoxy resins.

Table 7.2 The comparison of flexural properties of pure EPs cured with different

aromatic
diamines.
Sample Flexural Strength (MPa) Flexural Modulus (MPa)
EP/DDS 185.2 + 20.0 3062.2 £ 114.5
EP/DDM 172.9 +10.0 3089.0£171.5

The previous study of Ling et al. compared the flexural strength of DGEBA in the
DDS curing system to the DDM curing system [2]. The mechanical strength of the
epoxy resin with the DDS was higher than that with the DDM. The higher flexural
strength in the DDS curing system might be caused by the crosslink density in the
cured resin. As the sulfonate group (-SO2-) in the DDS was more reactive than the
methylene group (-CH>-) in the DDM, the high active epoxy group in the resin could
react with the former more than the latter. The amount of crosslink networks in the
epoxy resin cured with the DDS should be more than that with the DDM. This reason

led to the increase of strength in the DDS curing.

Meanwhile, in the theoretical polymer composites, the flexural modulus of the epoxy
with the DDS is higher than the epoxy with the DDM. The DDS contains the sulfonate
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group which is low flexibility. As a result, there is an increase of stiffness for the

epoxy with curing of DDS, affecting the increase of flexural modulus [3].

For the epoxy nanocomposites, their flexural strength and flexural modulus were
displayed in Figure 7.2 and 7.3, respectively. At the 1 wt% loading of LDHSs, both the
flexural strength and flexural modulus did not change significantly comparing to the

pure EP cured the DDS. The 1 wt% loading of LDHs might be too small amount.
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Figure 7.2 The flexural strength of the pure EP and the EP/LDHs nanocomposites
cured with the DDS.
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Figure 7.3 The flexural modulus of the pure EP and the EP/LDHs nanocomposites
cured with the DDS.
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With increasing the LDH contents to 5 wt% and 10 wt%, the average values of flexural
strength decreased slightly. Due to the LDHs based on the inorganic fillers, the
dispersion of LDHs into the epoxy resulted in many microvoids in the matrix. These
formed microvoids are flaws in the epoxy matrix. The higher loading contents of
LDHs, the more flaws in the matrix. It caused the reduction of strength. Moreover,
the higher loading contents of LDHs might cause the agglomeration of LDH particles
in the matrix. This circumstance accounted for the reduction of surface area for the
interaction with the epoxy matrix. It might cause the decrease of flexural strength.

However, it was notice that the error ranges of the flexural strength in most EP/DDS-
LDHs nanocomposites were in the error range of the pure EP/DDS. It indicated that
there was not significantly difference between the pure resin and their composites
containing the pristine LDHs or the modified LDHs. The trend of flexural strength for
the DDS curing system was dissimilar to the DDM curing system in Chapter 6. The
flexural strength of EP nanocomposites cured with the DDM reduced with
incorporating the higher contents of LDHs. This circumstance might correlate the
polarity of curing agents and LDHs. The DDS containing the sulfonate group was
more polar than the DDM and the LDHSs acting as the inorganic fillers also was high
polarity. The polarity of EP/DDS might be more close to the polarity of LDHs than
the EP/DDM. From this reason, the DDS curing induced more compatible between
the two phases of epoxy matrix and fillers. It did not the reduction of flexural strength

in the DDS system with the increase of LDHSs contents.

For the flexural modulus results, the average values of flexural modulus increased
gradually with the increase of LDHSs contents at 5 wt% and 10 wt%. Since the LDHs
incorporated to the epoxy matrix acted as the inorganic fillers, the incorporation of
LDHs at the high loading resulted in the increase of stiffness to the composites.
Therefore, the more the LDH loading, the higher flexural modulus, especially the
addition of modified LDHSs. The results stated that the adhesion between the epoxy
matrix and LDHs fillers in the DDS curing were improved by the organophosphate
ester anions modified on the LDHs. Comparing the flexural modulus in the two
different amine curing systems, it was found that there was not resemble between the
DDS curing and the DDM curing. In the DDM curing system, the flexural modulus
values of most nanocompostites were less than the pure EP/DDM even though there

287



Chapter 7 Characterisation of Epoxy Resin/LDHs Nanocomposites Cured with DDS

was the increase of LDHs loading. That could imply that the modified LDHs
contributed the adhesion with the EP/DDS better than the EP/DDM. It might occur
the interaction of sulfonate group in the DDS with the modified LDHs.

It was worth noting that the flexural strength and flexural modulus of the EP/DDS
nanocomposites containing the LDHs modified with the BEHP, Phy, GP or DDP were
higher than the loading of unmodified LDHSs. These circumstances displayed the same
trend as the EP/DDM system. As described in the Section 6.4, the modification of
LDHs with the organophosphate ester-based anions enlarged the gallery between the
layers of metal hydroxides and reduced the polarity of LDHSs. For these reasons, the
modified LDHs encouraged the increase of interacting area and interfacial strength
between the epoxy matrix and the LDH fillers. Hence, the flexural properties of the
epoxy nanocomposites were improved by adding the modified LDHs.

7.4 Dynamic Mechanical Properties of the Pure EP and the
EP/LDHs Nanocomposites in DDS Curing System

The dynamic mechanical properties with the elevated temperature of the pure EP/DDS
and its nanocomposites with the component of pristine and modified LDHs were
characterised by the dynamic mechanical analysis (DMA). The experimental results
provided the storage modulus (E'), loss modulus (E") and ratio of E" to E' (Tan &). The
storage modulus corresponds to the elasticity of materials, whereas the loss modulus
associates with the energy loss during the polymer chain movement. Besides, the Tan

d relates to the damping property [4, 5].

7.4.1 Dynamic Mechanical Behaviours of Pure EP Cured with DDS

The temperature dependence of the storage modulus, loss modulus and Tan 6 of the
pure cured EP/DDS was exhibited in the black line of Figure 7.4. The thermograms
showed variations over the temperature range of -150°C to 230°C. The storage
modulus decreased gradually between -150°C and 50°C, then plunged between 100°C
and 230°C. The increase of temperature induced the rise of free volume in the
polymer, decreasing the stiffness of the polymer. Therefore, it reduced storage

modulus as the elevated temperature [4].
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Figure 7.4 The storage modulus, loss modulus and Tan 6 of the pristine EP cured with

the DDS or DDM.

Due to the relaxation transition of the polymer as the increase of temperature, the loss
modulus and Tan & curves of the pure EP/DDS provided the peaks at approximate
-48°C and 190°C, respectively. In the Tan & curve, the peak at the lower temperature
was attributed to the beta transition (Tg), whereas the peak at the higher temperature
was the characteristic of the glass transition (Tg). As described in the Section 6.5.1,
the Tp was associated with the local motions of small segments on the polymer chains
such as hydroxyl ethers, phenyl rings or tertiary amine groups, while the T4 responded

to the mobility of polymer backbone chains.

However, by comparison the pure EP/DDS with the pure EP/DDM (the red line in
Figure 7.4), it can be seen that the E” of the epoxy cured with the DDS was higher
than that with the DDM. As the storage modulus reflected the elastic behaviours of
the cured epoxy, the stiffness of epoxy curing with the DDS was higher than that with
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the DDM. It was because the steric and/or the polarity effects. In term of the steric
effect, it related to space filling in the matrix. The difference of two curing agents was
the main chain; that is, the DDS and DDM contained the functional groups of
sulfonate and methylene, respectively. The size of sulfonate group was larger than the
methylene group, resulting in the DDS stiffer than the DDM. Regarding the polarity,
as described previously, the DDS was more polar than the DDM. The sulfonate group
in the DDS restricted the mobility of the polymer chains, accounting for the increase
of stiffness of the EP/DDS.

In the meantime, the peaks of loss modulus and the Tan 6 curves in the pure EP/DDS
shifted toward higher temperatures comparing to the pure EP/DDM. The Tg and Ty of
the pure EP/DDS were higher than that of the pure EP/DDM by 3.8°C and 30.8°C,
respectively. The motions of the small groups on the polymer chains and the backbone
chains of polymer were probably obstructed due to the existence of the sulfonate
groups in the DDS. It could rise the friction during the mobility, contributing to the
increase of the energy loss in the DDS curing system. Therefore, the movement of
molecules or polymer chains in the DDS curing system took place at the higher

temperature.

7.4.2 Dynamic Mechanical Behaviors of EP/Pristine LDHs Nanocomposites
Cured with DDS

The incorporation of the pristine LDHSs intercalated with carbonate (LDH-CO3) or
nitrate (LDH-NO3) into the epoxy matrix influenced on the dynamic thermal
characteristics of EP/DDS nanocomposites. Figure 7.5 and 7.6 provide the DMA
thermograms of the nanocomposites of EP/LDH-CO3; and EP/LDH-NO3 cured with
the DDS, respectively. With the comparison with the pure EP, the storage modulus
and loss modulus increased with the loading of the pristine LDHS.
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Figure 7.5 The storage modulus, loss modulus and Tan & of the DGEBA/DDS and its

nanocomposites containing the variation of LDH-CO3 contents.
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Figure 7.6 The storage modulus, loss modulus and Tan 6 of the DGEBA/DDS and its
nanocomposites containing the variation of LDH-NO3 contents.

For the incorporation of LDH-COs, the higher loading percentage of the LDH-COs,
the higher E' and E" of the EP nanocomposites. Meanwhile, the additions of LDH-
NO3 at the higher contents (5 wt% and 10 wt%) were similar to the 1wt% LDH-NO3
loading. As the LDHs are rigid nano-layered clay, the dispersion of LDHs in the epoxy
matrix enhanced the stiffness to the EP nanocomposites [6, 7]. Hence, the storage
modulus increased by adding the pristine LDHs. Besides, the layered structure of
LDHs could be intercalated by the epoxy matrix, increasing the interaction surface
area. This circumstance raised the friction of polymer mobility between the epoxy

matrix and the LDH layers, affecting the increase of loss modulus.

Table 7.3 summarises the Tp and T4 of the pure EP/DDS and their nanocomposites
containing the different contents of the LDH-CO3 or LDH-NO3. Both the transition
temperatures shifted to the positive temperature with the pristine LDHSs in the epoxy
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matrix. The movement of molecules in the polymer matrix could be restricted due to
the existence of LDH layers in the epoxy matrix. It was necessary to apply the higher

thermal energy for the relaxation transition in the EP/pristine LDHs nanocomposites.

Table 7.3 The T, Tg, storage modulus at the rubbery state and cross-link density of

the pure EP, EP/LDH-COs and EP/LDH-NO3 cured with the DDS in the
different contents of LDHs.

Sample Tp Ty E’ at Cross-link
(°C) (°C) Tg+30 density
(MPa) (mol/m?3)
Pure EP/DDS -479+28 190.0+1.0 13.0+04 1058.9+30.8
EP/DDS-1% LDH-CO3 -548+0.1 191.1+02 153+0.6 1244.1+46.6
EP/DDS-5% LDH-CO3 -545+14 1929+0.2 189+0.0 1527.2+25
EP/DDS-10% LDH-CO3z  -53.2+5.0 196.3+0.3 17.6+35 1606.5+20.0
EP/DDS-1% LDH-NO3 -46.1+18 19752+05 17.6+3.8 1408.9+36.5
EP/DDS-5% LDH-NO3 -46.8+17 200.3+0.2 235+0.8 187241674
EP/DDS-10% LDH-NOs  -42.7+28 196.9+05 24.7+04 2003.8+32.4

Furthermore, the increase of Tg¢ with incorporating the pristine LDHs might relate to
the enhancement of the cross-link density in the epoxy matrix. The calculated cross-
link density in the rubbery state (T¢+30) also are presented in Table 7.3. It can be seen
that the cross-link density of the EP nanocomposites had an increasing trend with
loading the LDH-COs or LDH-NOs3, which agreed with the expectation. This means
that both the pristine LDHs could bond with the cured epoxy resin.

7.4.3 Dynamic Mechanical Behaviors of EP/Modified LDH Nanocomposites
Cured with DDS

The influence of the organophosphate ester modified LDHs on the dynamic thermal
behaviours of the EP/DDS nanocomposites were also investigated. Figure 7.7-7.10
present the DMA thermograms of the EP/DDS nanocomposites incorporating the
varied contents of LDH-BEHP, LDH-Phy, LDH-GP or LDH-DPP, respectively.
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Figure 7.7 The storage modulus, loss modulus and Tan & of the DGEBA/DDS and its
nanocomposites containing the variation of LDH-BEHP contents.
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Figure 7.10 The storage modulus, loss modulus and Tan 6 of the DGEBA/DDS and
its nanocomposites containing the variation of LDH-DPP contents.

At the 1 wt% loading of the modified LDHSs loading, all the EP nanocomposites had
the increase of E' and E" in the glassy state, compared to the pure EP/DDS. As
mentioned previously, the addition of LDHs enhanced the stiffness of the composites
accounting for the increase of the storage modulus. Besides, the mobility of the
molecules and backbone chains in the epoxy matrix was impeded by incorporating
the LDHs. It affected the increase of loss energy to encourage the motions of the
molecules and backbone chains in the epoxy matrix, thereby the enhanced loss

modulus.

When the proportion of the modified LDHSs in the epoxy matrix increased to 5 wt%
and 10 wt%, both the E' and E" of the EP nanocomposites increased. However, this
trend did not present in the EP nanocomposites containing the LDH-BEHP and LDH-
Phy. The addition of the LDH-BEHP at 5 wt% contributed to the E” higher than at
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1 wt% filler loading. At the higher loading (10 wt%) of LDH-BEHP, it affected the
decrease of E' for the epoxy nanocomposite because the LDH-BEHP might be able to
interfere in the EP/DDS curing reaction. The phosphate ester group in the BEHP might
bond to the amine group in the epoxy. For this reason, the interaction of the LDH-
BEHP nano-layered particles and the matrix was weaker at the higher loading content
of the nano-filler. With the LDH-Phy addition, the E', E" and Tan & behaviours of the
EP nanocomposites did not seem to alter with increasing the LDH-Phy contents. It
might occur the good dispersion of the LDH-Phy in the epoxy matrix. Thus, the LDH-
Phy had not affected the DMA behaviours of the composites at the higher volume of
the filler.

The Tp and Tg values of each epoxy nanocomposites with the variation of LDH types
and loading contents are presented in Table 7.4. Most of the EP nanocomposites cured
with the DDS possessed the reduction of the Tg and Tq compared to the pure EP. Both
the transition temperatures increased with the higher loading contents of the
nanolayered fillers. The research of Li et al. [8] explained that the reduction of the
relaxation temperatures was associated with the molecular flexibility of modifying
agents in the LDHSs. This reason showed that the molecules of BEHP, Phy, GP and
DPP were highly flexible, increasing the flexibility of the epoxy networks. Moreover,
the calculated cross-link densities of the EP nanocomposites were higher than the pure
EP and were likely to increase with rising the modified LDHs. This might correlate to

the increase of stiffness.
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Table 7.4 The Tg, Tg and cross-link density of the pure EP and its nanocomposites
containing the BEHP, Phy, GP or DPP modified LDHs cured with the DDS
in the different contents of LDHs.

Sample Tp Ty E’ at Cross-link
(°C) (°C) Tg+30 density
(MPa) (mol/m?)
Pure EP/DDS 47928 190.0+£1.0 13.0+0.4 1058.9 £ 30.8
EP/DDS-1% -48.2+0.7 193.2+1.0 15.1+0.2 1221.4+19.4
LDH-BEHP
EP/DDS-5% -54.2+3.2 188.2+1.7 25.7+18  2096.6 + 140.7
LDH- BEHP
EP/DDS-10% -56.0 £ 0.5 1826+ 2.0 259+1.3  2133.8+101.0
LDH- BEHP
EP/DDS-1% -50.6 £ 3.0 190.6+0.4 14.7+0.5 1196.3+37.4
LDH-Phy
EP/DDS-5% -47.9+0.2 189.9+0.6 17.7+3.0  1440.6 £245.0
LDH-Phy
EP/DDS-10% -52.3+0.9 190.7+£0.2 216+48  1753.6 +388.9
LDH-Phy
EP/DDS-1% -52.4+0.5 189.7+ 0.6 12.1+3.6 980.8 +295.0
LDH-GP
EP/DDS-5% -53.9+24 190.7 £0.9 159+0.2 1291.6 £19.4
LDH-GP
EP/DDS-10% -543+2.8 189.7+0.1 16.4+ 0.6 1335.1 +£48.1
LDH-GP
EP/DDS- -47.2+3.5 190.7 £ 2.7 13.0+£0.5 1054.8 £ 31.0
1%L DH-DPP
EP/DDS-5% -50.5+2.2 189.1+49 18.3+2.5 1622.8 + 40.0
LDH-DPP
EP/DDS-10% -51.2+1.0 187.7+0.4 31.3+1.6 2557.9+134.6
LDH-DPP
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Figure 7.11-7.13 compared the DMA performance of the pure EP/DDS and its
nanocomposites with the composition of various LDHs at 5 wt% loading for the
storage modulus, loss modulus and Tan 9§, respectively. As observing the
thermograms, it was found that the storage modulus and loss modulus of all the
EP/LDHs nanocomposites exceeded the pure EP since the dispersion of LDHs layers
increased the stiffness of the EP nanocomposites, and the restriction of polymer chain
motions. Most of the LDHSs reduced the Tg, but did not affect the change of Ty,
comparing the pure EP/DDS.
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Figure 7.11 The storage modulus of the pure EP and its nhanocomposites containing

the 5 wt% loading contents of LDH-CO3, LDH-NOs, LDH-BEHP, LDH-

Phy, LDH-GP and LDH-DPP in the curing system of DDS.
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Figure 7.12 The loss modulus of the pure EP and its nanocomposites containing
the 5 wt% loading contents of LDH-CO3, LDH-NO3, LDH-BEHP,
LDH-Phy, LDH-GP and LDH-DPP in the curing system of DDS.
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Figure 7.13 The Tan & of the pure EP and its nanocomposites containing the 5 wt%
loading contents of LDH-COs, LDH-NOs, LDH-BEHP, LDH-Phy,
LDH-GP and LDH-DPP in the curing system of DDS.
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In Figure 7.11, it can be seen that the storage modulus of the EP/LDH-GP and
EP/LDH-BEHP nanocomposites was higher than any other the EP nanocomposites.
Meanwhile, the storage modulus of the EP/LDH-DPP and EP/LDH-Phy was between
the EP/LDH-NOs and EP/LDH-COz. From the results, it was expected that the
particles of LDH-DPP and LDH-Phy might agglomerate in the EP/DDS matrix were

more than the pristine LDHs.

Over the temperature range of glassy state (-150°C to 150°C), the storage modulus and
the loss modulus of the EP/LDH-BEHP and EP/LDH-GP nanocomposites were
higher than any other the EP nanocomposites. Meanwhile, the storage modulus and
loss modulus of the EP/LDH-Phy and EP/LDH-DPP were between the EP/LDH-CO3
and the EP/LDH-NO:s.

From the DMA results, it was expected that both the LDH-BEHP and LDH-GP well
dispersed in the EP/DDS, whereas the particles of LDH-Phy and LDH-DPP might
agglomerate in the matrix were more than the pristine LDHSs. As described previously,
the pristine LDHs and the modified LDHSs had an influence on the only Tg, but did not
alter the T4 of the epoxy nanocomposites. These results indicated that the LDHs

induced the increase of flexibility of the side groups on the epoxy chains.

7.5 Thermal Stability of Epoxy Resin/LDHs Nanocomposites in DDS
Curing System

The thermal stability of EP/LDHs nanocomposites cured with the DDS was
investigated via the thermal gravimetric analysis (TGA) under N2 or air atmosphere.
The temperature at 10% and 50% mass 10ss (T1o0% and Tsos), temperature at maximum
mass 10ss (Tmax) and char yield at 800°C of the pure EP-LDHSs and its nanocomposites

were considered for estimating the thermal decomposition behaviours.

7.5.1 Thermal Stability of Pure EP Cured with DDS under N2 Atmosphere

The TGA curve and its derivative of the pure EP/DDS under N2 flow as the elevated

temperature were presented in the black line of Figure 7.14. It can be seen that the
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thermogram exhibited one stage of mass loss in the temperature range of 350-500°C

with the maximum mass loss rate at 429.9°C.
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Figure 7.14 The TGA and DTG curves of the pure EP cured with the DDS and DDM.

The previous research reported that the TGA curve of the DGEBA cured with the
DDS possessed the single step of the thermal degradation process. The pure EP
decomposed between 380°C and 500°C with the maximum degradation rate at 416-
425°C [9-11]. Although there was a similarity between the epoxy and curing agent
types, the cured epoxy had a difference in the degradation temperature. Several
parameters might account for the variation of thermal decomposition behaviours, such
as the purity of chemicals, the proportion between the epoxy and curing agent, the
curing conditions (e.g. temperature and time). The literature established that there was
scission of C-N and C-O bonds in the structure of DGEBA cured with the DDS. This
led to the evaporation of sulfur dioxide (SO2), carbon monoxide (CO) and methane
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(CHa) and the formation of aromatic compounds containing oxygen or nitrogen [12-
14].

By comparison with the pure EP/DDM (the black line in Figure 7.14), the EP/DDS
had a high decomposed temperature. From the DMA results, the T4 of the DDS curing
(190°C) was higher than that of the DDM curing (159.2°C). Due to the high strength
of the sulfonate group in the DDS structure, the epoxy cured with the DDS was high
thermal stability. In addition to the degradation temperature, the residue at 800°C of
the EP/DDS (14.2 %) was less than the EP/DDM (16.3%). This event occurred the
dehydration of the macro networks and the volatility of SO in the DDS.

7.5.2 Thermal Stability of EP/Pristine LDHs Nanocomposites in the DDS Curing
System under N2 Atmosphere

The effect of LDH-CO3 and LDH-NO3 incorporation on the thermal decomposition
behaviours of the EP/DDS nanocomposites is presented in Figures 7.15 and 7.16,
respectively. The essential data obtained from the TGA characterisation are also listed
in Table 7.5. The TGA thermograms of the EP/LDH-COz; and the EP/LDH-NO3
nanocomposites cured with the DDS displayed the one stage of thermal degradation,
which resembled the TGA curve of the pure EP/DDS.
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Figure 7.15 The TGA curves and their derivatives of LDH-COs, pure EP/DDS and
EP/LDH-CO3 nanocomposites with the variation of LDH-COs3 contents

under N2 flow.
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Figure 7.16 The TGA curves and their derivatives of LDH-NO3, pure EP/DDS and
the EP/LDH-NOs nanocomposites with the variation of LDH-NO3

contents under N> flow.
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Table 7.5 The Tio%, Tso%, Tmax and residue at 800°C of the pure EP/DDS and its
nanocomposites with the variation of LDH-COz or LDH-NO3z contents

under N2 flow.

Sample T1o0% Ts0% Tmax Mass

(°C) (°C) (°C) at 800°C (%)
EP/DDS 407.2 430.3 429.9 14.2
EP/DDS-1% LDH-CO3 384.4 411.2 425.8 17.1
EP/DDS-5% LDH-COs 382.1 410.4 426.1 18.4
EP/DDS-10% LDH-

382.4 410.8 22.5
COs3 425.9
EP/DDS-1% LDH-NO3 397.9 422.4 424.9 14.8
EP/DDS-5% LDH-NO3 394.9 424.3 421.0 15.3
EP/DDS-10% LDH-

374.0 405.5 396.9 16.9
NO3

Both the LDH-CO3z and LDH-NOz declined the Tio%, Tso% and Tmax Of the EP
nanocomposites compared to the pure EP, summarised in Table 7.5. The increase of
the pristine LDHSs contents also reduced those properties. These results indicated that
the loading of the LDH-CO3z and LDH-NOgz accelerated the thermal decomposition of

the EP nanocomposites, corresponding to the prior studies [9, 10].

Moreover, the char yields at 800°C of all the EP/pristine LDHs nanocomposites were
higher than that of the pure EP, as displayed in Table 7.5. The probable components
of residues produced from the decomposition of the EP/pristine LDHs
nanocomposites were the char and metal oxides. The increase of the filler contents in
the epoxy matrix also enhanced the content of residues. This phenomenon could
inhibit the dispersion of flame, heat and combustible gas to the burning region, which

was a powerful mechanism for fire retardancy.
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7.5.3 Thermal Stability of EP/modified LDHs Nanocomposites in the DDS

Curing System under the N2 Atmosphere

When the organophosphate ester modified LDHs were used as the fillers in the

EP/DDS nanocomposites, they influenced the thermal stability performance of EP
matrix. Under N2 atmosphere of TGA characterisation, the TGA curves and their

derivatives of organophosphate-ester reactants, modified LDHSs, pure EP/DDS and EP
nanocomposites containing the LDHs modified with the BEHP, Phy, GP or DPP were
presented in Figure 7.17-7.20, respectively. Besides, the important TGA results are

summarised in Table 7.6.
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Figure 7.17 The TGA curves and their derivatives of BEHP reactant, LDH-BEHP,
pure EP/DDS and the EP/LDH-BEHP nanocomposites with the

variation of LDH-BEHP contents under N> flow.
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Figure 7.18 The TGA curves and their derivatives of Phy reactant, LDH-Phy, pure
EP/DDS and the EP/LDH-Phy nanocomposites with the variation of

LDH-Phy contents under N2 flow.
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Figure 7.19 The TGA curves and their derivatives of GP reactant, LDH-GP, pure
EP/DDS and the EP/LDH-GP nanocomposites with the variation of
LDH-GP contents under N2 flow.
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Figure 7.20 The TGA curves and their derivatives of DPP reactant, LDH-DPP, pure
EP/DDS and the EP/LDH-DPP nanocomposites with the variation of
LDH-DPP contents under N2 flow.

As observed in the thermograms, it can be seen that all the EP nanocomposites
degraded two stages in the temperature range of 30-800°C. The first stage occurred at
approximately 200-500°C. Since this decomposition temperature range was
equivalent to the degradation of pure EP, the decomposition of the EP/LDHs
composites at this stage can be ascribed to the degradation of epoxy matrix. However,
the initial decomposition temperature of all the EP nanocomposites was lower than
that of the pure EP, excluding the incorporation of LDH-DPP. It indicated that the
LDHs modified with the organophosphate ester-based anions could accelerate the
degradation of epoxy matrix. Meanwhile, the decomposition temperature of the EP

nanocomposite with the addition of LDH-DPP was higher than the pure EP. These
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results state that the addition of LDH-DPP enhanced the thermal stability of the

EP/DDS nanocomposites.

For the second decomposition stage of the EP/DDS- nanocomposites, it took place at
the higher temperature than 500°C. This decomposition LDHSs stage did not appear in
the pure EP; however, it was observed in the thermogram of organophosphate ester-
based reactant. According to the proposed thermal decomposition of organic
phosphate reactants in the Section 5.4, the liquid phase of P2Os volatile at 350-800°C.
The possibility of decomposition of the EP nanocomposites at over 500°C was the

thermal decomposition of phosphorus compounds.

From the TGA data in Table 7.6, the incorporation of 1 wt% LDHs-BEHP, -Phy, or -
DPP increased the temperature at 10% mass loss (T10%) and at 50% mass 10ss (Ts0%)
from the pure EP. These results stated that the thermal stability of the EP
nanocomposites enhanced with the loading of 1 wt% LDHs modified BEHP, Phy or
DPP. With increasing the loading percentage of the modified LDHSs at 5 wt% and 10
wit%, the T1owand Tsow Were likely to decline by the comparison with the 1w% LDHs
loading. Meanwhile, the addition of 1 wt% LDH-GP resulted in the slight decrease of
T1o0%, but the small increase of Tso% compared with the pure EP. With the loading of
5% LDH-GP, the EP nanocomposites revealed the rise of T1o% and Tsos, Which were
higher than the pure EP and EP/1% LDH-GP nanocomposite.
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Table 7.6 The T1o%, Ts0%, Tmax and residue percentage at 800°C of the pure EP/DDS

and its nanocomposites incorporating the variation contents of modified

LDHs
Sample Tiowe  Tso% Tmax Tmax Mass
(°C) (°C) (°C) (°C)  at800°C (%)

EP/DDS 407.2 430.3 429.9 - 14.2
EP/DDS-1% LDH-BEHP 416.2 4524 439.1 606.2 0.0
EP/DDS-5% LDH-BEHP 401.9 4518 417.0 601.2 2.8
EP/DDS-10% LDH-BEHP  369.1  445.8 424.8 608.8 5.7
EP/DDS-1% LDH-Phy 407.8 442.6 424.5 736.6 5.3
EP/DDS-5% LDH-Phy 413.3 450.8 425.6 738.8 7.5
EP/DDS-10% LDH-Phy 412.2  445.7 431.1 691.3 9.8
EP/DDS-1% LDH-GP 3985 4335 410.7 689.0 1.0
EP/DDS-5% LDH-GP 4143 4455 430.9 714.0 1.6
EP/DDS-10% LDH-GP 401.1 4314 421.2 713.7 3.3
EP/DDS-1% LDH-DPP 4295 465.9 450.5 670.6 0.3
EP/DDS-5% LDH-DPP 425.6  456.0 445.2 643.3 2.7
EP/DDS-10% LDH-DPP 4246  456.3 445.1 642.4 3.4

Moreover, the TGA data in Table 7.6 indicated that the amount of residue at 800°C
reduced significantly with loading the modified LDHs by comparison with the pure
EP/DDS. The consequences indicated that the thermal decomposition of the EP
nanocomposites containing the modified LDHs was more volatile than the pure EP
due to the decomposition process of phosphorus compounds at the higher 500°C.

However, the higher loading of the fillers, the higher content of residues.

As considered the TGA results under N, it could be seen that the LDH modified with
the various organophosphate-ester anions influenced the thermal decomposition
behaviours of the EP nanocomposites. The loading of LDH-BEHP, LDH-Phy and
LDH-GP played an important role in accelerating the thermal decomposition of the
EP nanocomposites. These phenomena induced the formation of gaseous products and
solid residues. It was speculated that both the released gases and the produced residues

could restrict the combustion of epoxy resin. Meanwhile, the loading of LDH-DPP
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enhanced the thermal stability of the EP nanocomposites, affecting the ignition of the

EP nanocomposites.

7.5.4 Comparison of Thermal Behaviours of EP/DDS Nanocomposites with the
Addition of LDHs Modified Different Organophosphate Compounds

The estimation of thermal behaviours of the EP/DDS nanocomposites containing the
different LDHs under the N or air atmosphere was discussed in this section by using
the 5% wt loading of LDHs.

7.5.4.1 TGA Test under the N2 Atmosphere

At the same loading contents of 5 wt% LDHs, the TGA thermograms and their
derivatives of the EP/DDS nanocomposites were compared in Figure 7.21. As
described in the above section, the thermogram of the EP nanocomposite containing
the LDH-NO3 exhibited the one stage of decomposition, which was similar to the pure
EP. The mass loss at this stage was attributed to the cleavage of the polymer chain

and the cross-linking networks.
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Figure 7.21 The TGA curves and their derivatives of the pure EP/DDS and the
EP/DDS LDHs nanocomposites containing the 5 wt% loading of the

various LDHs under N2 atmosphere.

On the other hand, the TGA curves of all the EP nanocomposites with the BEHP, Phy,
GP or DDP modified LDHs displayed two decomposition stages. The first stage of
mass loss might be the degradation of polymer fraction, cross-linking networks, metal
hydroxides, and organophosphate ester-based compounds in the LDHs. The second
stage of mass loss corresponded to the decomposition of char produced from the first
decomposition stage, which might be the decomposition of phosphate-based

compounds.

With the consideration of introducing decomposition in the thermograms, it could be
seen that the EP/DDS nanocomposites containing the 5 wt% LDH-NOs, LDH-BEHP,
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LDH-Phy, LDH-GP or LDH-DPP decomposed at the lower temperature than the pure
EP/DDS. Table 7.7 notes the Tmax and residue at 800°C from the TGA results of the
EP/DDS nanocomposites with the different LDHs under N2. The maximum mass loss
rate temperature at the first stage (Tmax1) Of all the EP/LDHs nanocomposites was less
than the pure EP except for the addition of LDH-DPP. The results indicated that the
thermal decomposition process of the EP nanocomposites could be accelerated by
adding the LDHSs due to the decomposition of phosphate-based composites in the
LDHSs. This phenomenon induced the fast char formation.

Table 7.7 The thermal degradation of the pure EP/DDS and the EP/LDHSs
nanocomposites

under N2 atmosphere.

Sample T10% Ts0% Tmaxt Tmax2 Mass
(°C) (°C) (°C) (°C)  at800°C (%)

EP/DDS 407.2 4303  429.9 - 14.2
EP/DDS-5% LDH-NO3 3949 4243 4210 - 15.3
EP/DDS-5% LDH-BEHP  401.9 4518  417.0 601.2 2.8
EP/DDS-5% LDH-Phy 413.3 450.8 425.6 738.8 7.5
EP/DDS-5% LDH-GP 414.3 4455 430.9 714.0 1.6
EP/DDS-5% LDH-DPP 425.6  456.0 4452 643.3 2.7

In case of the addition of 5 wt% LDH-DPP, it provided the higher Tmax1 of the EP/DDS
nanocomposites compared to the pure EP/DDS because of the increase of interaction
between the epoxy matrix and the LDH-DPP. This action contributed to the

enhancement of thermal stability in the composites.
Since there was the second decomposition stage in the EP nanocomposites with the
composition of 5 wt% organophosphate ester modified LDHs, the residual content at

800°C of those composites was less than the pure EP and the EP/pristine LDHSs.

7.5.4.2 TGA Test under the Air Atmosphere
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As mentioned in the Section 6.6.3.2, the TGA characterisation under air was the
simulation of the combustion process with Oz. The thermal oxidation behaviours of
the pure EP and its nanocomposites cured with the DDS curing agent under the air
atmosphere were presented in Figure 7.22 and Table 7.8. All the thermograms
presented two steps of mass change at the ranges of 300-500°C and 500-700°C.
Compared to the test under N2 as described in the previous section, there was a

dissimilarity of decomposition pattern.
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Figure 7.22 The TGA curves and their derivatives of the pure EP/DDS and its

nanocomposites with the 5 wt% loading of the various LDHs under air
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Table 7.8 The thermal oxidative degradation of the pure EP/DDS and the EP/LDHSs

nanocomposites under air.

Sample T10% Ts0% Tmaxt Tmaxz Mass
(°C) (°C) (°C) (°C)  at 800°C (%)
EP/DDS 407.4  443.0 423.2 600.3 0.4
EP/DDS-5% LDH-NO3 391.8 430.0 407.5 568.2 2.8
EP/DDS-5% LDH-BEHP  401.7 445.6 424.3 587.7 4.1
EP/DDS-5% LDH-Phy 408.1 443.0 428.8 579.7 14
EP/DDS-5% LDH-GP 412.0 4483 429.9 605.3 0.6
EP/DDS-5% LDH-DPP 403.2 439.0 425.8 581.1 2.5

The pure EP derived from the mixture of DGEBA and DDS showed the Tmax1 at
423.2°C for the test under air. This decomposition occurred at the same temperature
range of test under N2; however, the decomposition under air took place at the lower
temperature. The previous section explained that this stage was the scission of C-O
and C-N in the DDS cured DGEBA. It produced SO, CO and acetone gases and the
char residues of aromatic-O and aromatic -N compounds [14, 15]. The second step
was in 500-700°C with the maximum mass loss rate (Tmax2) at 600.3°C. This step was
attributed to the thermal oxidative degradation of the char produced in the first step
[14, 15]. The mass of char residue at 800°C was almost 0%.

For the EP/DDS-LDHs nanocomposites, the thermograms under air revealed two
decomposition stages, resembling the pure EP. When the different LDHs were loaded
to the epoxy matrix, the Tio0% Of nanocomposites decreased with incorporating the
LDH-NOs, LDH-BEHP or LDH-DPP; however, it increased with the addition of
LDH-Phy or LDH-GP by comparison with the pure EP/DDS. Observing the Tso, the
LDH-NO3z and LDH-DPP contributed to the gradual reduction, but the LDH-BEHP,
LDH-Phy and LDH-GP resulted in the slight increase. Both the T100 and Tsoo Of the

nanocomposites were in the first stage of decomposition.

The thermal oxidative process in the first decomposition stage occurred at 424.3-
429.9°C It was probably due to the degradation of the cross-linked polymer fractions
and the LDHs fractions combined with the epoxy matrix. The Tmax: increased slightly
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with the addition of 5 wt% LDHs modified the organophosphate ester-based anions.
It stated that the modified LDHs enhanced the thermal oxidative stability of the EP

nanocomposites.

At the second stage of decomposition, it was attributed to the decomposition of
compounds formed in the first decomposition stage. Most Tmaxe of the EP/LDHSs
nanocomposites reduced by approximately 12-20°C from the 600.3°C of the pure
EP/DDS. Furthermore, the char residues at 800°C of the nanocomposites increased
slightly with the loading of LDHs. This included the decomposition of metal
hydroxides in the LDH layers and organic compounds intercalated or exfoliated in the
LDHs.

7.6 Combustion Behaviors of Epoxy Resin Nanocomposites Cured
with DDS

As mentioned in the previous chapter, the burning test in the horizontal direction was
not suitable for the epoxy resin. This chapter focused on the vertical burning test for

the epoxy resins cured with the DDS, carried out at the Quarrell Laboratory.

7.6.1 Burning Test in Vertical Direction

The combustion times of samples after the first and second flame application (t: and
t2) were recorded, and their combustion behaviours were observed to evaluate the
flammability. The results of the burning test for the pure EP and the EP
nanocomposites containing the 5 wt% loading of LDHs were noted in Table 7.9.
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Table 7.9 The combustion time and burning characteristics of the pure
DGEBA/DDS and its nanocomposites with the 5 wt % LDHs.

Additives trineach tz2ineach t1+t2 for Flame Dripping  Ratin
specimen  specimen five to clamp g
(s) (s) specimens
(s)
No fillers 246 £ 17 - 1232 Yes Yes NA
5%LDH-COs3 98 + 25 156 + 43 1269 Yes Yes NA
5%LDH-NO3 66 + 23 139+6 1025 Yes Yes NA
5%LDH-BEHP 69+ 20 130+ 14 995 Yes Yes NA
5%LDH-Phy 86 + 37 204 + 43 1446 Yes Yes NA
5%LDH-GP 99 + 45 216 + 3 1574 Yes Yes NA
5%LDH-DPP 68 + 18 187 £ 11 1276 Yes Yes NA

The obtained data found that the pure EP (the DDS cured DGEBA) did continually
burn after remove the first ignition without the self-extinguish. Besides, there was the
dripping of flame during the combustion. With the comparison of pure EP burning
behaviours between the DDS and the DDM curing system after the first ignition, the
EP/DDS could be burned spontaneously; on the other hand; the EP/DDM continued
to burn and extinguished. Considering the TGA results of the Section 7.5.1, the char
residue of the EP/DDS (14.2%) was less than the EP/DDM (16.3%). The charring
layer acted as the layered barrier to protect the dispersion of flame, gases, and heat to
the combusting area. Hence, the flammability of EP/DDS was higher than the
EP/DDM.

When the 5 wt% LDHs were loaded to the EP matrix, they influenced the flame
retardancy performance of the EP nanocomposites. After the first ignition, the
EP/DDS-5 wt% LDHs continued to burn and extinguished without the fire dripping.
The incorporation of LDHs led to the remarkable decrease of the burning time after
the first ignition (t1) by 59-73% from the pure EP/DDS. As mentioned in the Section
7.5.4.2 about the thermal oxidative degradation of the EP/DDS-5% LDHSs
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nanocomposites, the decomposition temperatures of most nanocomposites were lower
than that of the pure EP resulting in the accessibility of volatilisation and char
formation. Both of them could inhibit the spreading of flame, gases, and heat to the
combusting surface of materials. For this reason, it accounted for the reduction of t;
for the EP/DDS nanocomposites containing the 5 wt% LDHSs. The different LDHSs did

not significantly affect the t; burning time.

Then, the flame was applied to the extinguished specimen again. The nanocomposites
did not stop burning after the second ignition and were accompanied by the fire
dripping. The burning time after applying the second flame was in the range of 130-
216 s. The ignition of EP/DDS nanocomposites with the 5 wt% LDHs was more than
the pure EP/DDS. The results indicated that the LDHS restricted the ignition of the EP
nanocomposites. It was noticeable that the to of EP nanocomposites with the
organophosphate ester modified LDHs were longer than that with the pristine LDHs.
It might associate with the thermal oxidative decomposition. From the TGA results
under air atmosphere, the thermal oxidative stability of EP nanocomposites with the
modified LDHs was more than that with the pristine LDHs. Therefore, the burning
time at this stage was delayed by adding the 5 wt% modified LDHs. The photo
representatives of the pure EP/DDS and their nanocomposites with the 5 wt% LDHs
during the UL-94 test were displayed in Figure 7.23.
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Figure 7.23 The digital photos of the pure DGEBA/DDS and it nanocomposites with
the 5 wt% LDHs during the UL-94 test.
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Figure 7.23 The digital photos of the pure DGEBA/DDS and it nanocomposites with
the 5 wt% LDHs during the UL-94 test. (continued)
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Figure 7.23 The digital photos of the pure DGEBA/DDS and it nanocomposites with

the 5 wt% LDHs during the UL-94 test. (continued)

The characteristics of sample after the burning test were presented in Figure 7.24. It
could be seen obviously that all the nanocomposites containing the 5 wt% LDHs were
burn completely after applying the flame. The results indicated that the loading of 5
wt% pristine LDHs or modified LDHs was not able to stop the combustion of
EP/DDS.
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EP/DDS EP/ DDS- EP/ DDS-
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Figure 7.24 The char characteristics after the flame test of the pure DGEBA/DDS

and its nanocomposites with the 5 wt% LDHs.

Considering the rating criteria in the standard ASTM D3801 described in Table 6.14,
the burning times (t1 and t2) of the EP nanocomposites containing the 5 wt% LDHs
were longer than the determined standard. Moreover, there were the dripping of fire
during the burning of EP/DDS nanocomposites with the 5 wt% LDHSs. Therefore, the
burning behaviours of the samples did not match with the criteria determined in the
standard. That meaned the incorporation of 5% LDHs could not enhance the flame
retardancy to the EP/DDS.

The 10 wt% LDHs were loaded to the epoxy matrix to investigate the combustion
behaviours to verify the expectation. The crucial data obtained from the burning test
were reported in Table 7.10. The addition of 10 wt% LDHs decreased the t; by
comparison with the pure EP, especially the organophosphate ester modified LDHs.
These results were the same decreasing trend as the loading of 5 wt% LDHSs. However,
the t; of 10 wt% LDHs loading was lower than that of 5 wt% LDHs loading more than
one time. The increase of LDHSs contents led to the rise of char residues during the
combustion, restricting the dispersion of flame, gas and heat to the combusting area.
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Thus, the increase of LDH contents reduced the flammability of EP composites. As
the organophosphate ester compounds in the LDHSs accelerate the thermal oxidative
degradation of the EP nanocomposites to the lower temperature, the volatilised and
char products produced during the combustion could delay the combustion of
composites. Hence, the t1 burning times of composites with the modified LDHs were
less than that with the pristine LDHs.

Table 7.10 The combustion time and burning characteristics of the pure
DGEBA/DDS and its nanocomposites incorporating the 10 wt % LDHs.

Additives trineach tyineach t1+t2 for Flame Drippin  Rating
specime  specimen five to g

n (s) specimens clamp

(s) (s)
No fillers 246 + 17 - 1232 Yes Yes NA
10%LDH-COs3 5718 161 £73 1091 Yes Yes NA
10%LDH-NOs3 50+21 171 = 84 1103 Yes Yes NA
10%LDH- 24 £ 20 219+ 4 1215 No No NA
BEHP
10%LDH-Phy 14£3 199 £ 10 1065 No No NA
10%LDH-GP 27+7 16 11 214 No No V-1
10%LDH-DPP 26+ 7 159+ 16 927 No No NA

After the flame applied to the samples in the second times, the t> burning time of each
composite with adding the 10 wt% modified LDHs was not different significantly.
Nevertheless, the total burning times of EP nanocomposites containing the modified
LDHs were less than that containing the pristine LDH particular to the LDH-GP
loading. As explained in the previous paragraph, the organophosphate ester
compounds could accelerate the formation of gases and char. They acted as the
insulators to protect the spreading of flame, gases, and heat to the materials. Therefore,
the total burning times and fire distribution of EP nanocomposites declined with
incorporating the modified LDHs. The combustion was stopped with the addition of
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modified LDHs without the dripping of flame. All the results insisted that the flame
retardancy of thermoset materials increased with the loading of modified LDHs at

higher contents. The behaviours of materials during the burning test were displayed

120s 180s 240s

in Figures 7.25.
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Figure 7.25 The digital photos of the pure DGEBA/DDS and its nanocomposites with

the 10% LDHs during the UL-94 test.
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Figure 7.25 The digital photos of the pure DGEBA/DDS and its nanocomposites with
the 10% LDHs during the UL-94 test. (continued)
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EP/ DDS- P
10% LDH-GP

1 aplcaton 30s

2" application 10s
EP/ DDS-
10% LDH-DDP

1 aplcaton 30s

2" application 30s 60s 105s

Figure 7.25 The digital photos of the pure DGEBA/DDS and its nanocomposites with
the 10% LDHs during the UL-94 test. (continued)

Observing the characteristics of samples after the burning test in Figure 7.26, the
epoxy nanocomposites with adding the 10 wt% unmodified LDHSs did not survive
from the combustion. However, the incorporation of 10 wt% modified LDHs was able
to inhibit the combustion of EP/DDS.
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EP/DDS EP/ DDMS EP/ bDS-
10% LDH-CO3 10% LDH-NOs

| L
I

I ‘

EP/ DDS- EP/ DDS- EP/ DDS- EP/ DDS-
10% LDH-BEHP 10% LDH-Phy 10% LDH-GP 10% LDH-DPP
Figure 7.26 The char characteristics after the flame test of the pure DGEBA/DDS

and its nanocomposites with the 10 wt% LDHs.

With the classification of material flammability as following the criteria in the
standard, the only EP nanocomposites containing the 10 wt% LDH-GP was defined
in the moderately flammable materials (\VV-1), whereas the other composites could not
still determine in any classes. As the flame retardancy of EP/DDS tended to enhance
with increasing the contents of LDHSs, the incorporation of LDHs over 10 wt% is

interesting for studying in future work.

Overall, the addition of 5 wt% pristine or modified LDHs was not able to extinguish
the EP/DDS. With the loading contents of LDHSs increased to 10 wt%, the EP/DDS
with the pristine LDHs were not still burnt through their whole specimens. However,
the loading of 10 wt% organophosphate ester modified LDHs could induce the
EP/DDS nanocomposites to extinguish. Although the EP/DDS-10% modified LDHs
were extinguished, their burning times were longer than the criteria in the standard.
They could not be classified in any type except the EP nanocomposite with the 10
wt% LDH-GP.
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7.7 Summary

This chapter studied the effect of LDHs addition on the properties of the DDS cured
with the DGEBA. The LDHs used as the fillers were the pristine LDHs (LDH-CO3
and LDH-NO3) and the organophosphate ester modified LDHs (LDH-BEHP, LDH-
Phy, LDH-GP and LDH-DPP). All the LDHs at 1, 5 and 10 wt% loadings were well
dispersed in the epoxy matrix. The addition of LDHSs did not significantly decrease
the flexural properties. The modified LDHs improved the flexural modulus more than
the pristine LDHs. As the addition of LDHSs enhanced the stiffness and the friction of
polymer chain movement, both the pristine and modified LDHs increased the storage
modulus and loss modulus in the glassy state compared to the pure EP/DDS. However,
the Tq of EP nanocomposites did not change by incorporating the LDHs. It was

because the LDHs did not interfere with the polymer.

Furthermore, the pristine and modified LDHs influenced the thermal decomposition
behaviours of the EP/DDS nanocomposites under N2 and air. All the LDHs
accelerated the decomposition, resulting in the volatilisation and char formation at
lower temperatures than the pure EP/DDS. The rise of LDHSs loading contributed to
the decrease of decomposition temperature but the increase of char residues. Some
gases and char produced during the heating could inhibit the combustion. These

circumstances were advantages of LDHs for flame retardant applications.

For the burning test, the addition of 5 wt% LDHs reduced the flammability of
polymer. After applying the second ignition, however, they could not stop the
combustion of EP/DDS. To enhance the flame retardancy performance of the
EP/DDS, the 10 wt% LDHs were incorporated into the epoxy matrix. The EP
nanocomposites with the 10 wt% organophosphate ester modified LDHs extinguished
and did not result in the fire dripping during the combustion. Therefore, the LDH-
BEHP, LDH-Phy, LDH-GP and LDH-DPP could be used as the flame retardants for
the epoxy resin.
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Chapter 8 Conclusions and Suggestion for Future Work

This is a final chapter of the dissertation concluding the results obtained from the
experiments relating to the aim and objectives of the research. Besides, the following

section provides suggestions for future works.

8.1 Conclusions

In recent years, polymer composite materials have received an increase in attention
across a number of industries due to their high mechanical properties, good chemical
resistance and lightweight. Although there are many advantages of polymer
composites, one of their common disadvantages needing to improve is high
flammability. The combustion of polymers produces an extensive amount of flame,
heat and smoke, leading to health impacts, environmental problems and property
damages. Several researches have attempted to inhibit the flammability of polymers
by incorporating flame retardant fillers such as compounds containing halogen,

phosphate and/or nitrogen, mineral fillers and nano-fillers.

Layered double hydroxides (LDHs) have attracted significant attention as flame
retardants for polymers due to the unique structure of LDHs. The thermal
decomposition of LDHSs results in volatilised gases and char residues. All products
produced from the burning of LDHs can prohibit the dispersion of fuels, e.g. flame,
heat and flammable gases, to combusting areas. Therefore, the aim of this dissertation
was to develop the flame retardancy performance of polymers by the addition of
LDHs fillers. The intercalated anions in LDHs were modified with four anionic
compounds consisting of the organophosphate ester groups: bis(2-ethyl
hexyl)phosphate (BEHP), phytate (Phy), glycerophosphate (GP) or diphenyl
phosphate (DPP). The epoxy resins of bisphenol A diglycidyl ether (DGEBA) cured
with the 4,4-diamino diphenyl methane (DDM) or 4,4-diamino diphenylsulfone
(DDS) were employed as the representatives of polymers.

8.1.1 Synthesis and Characterisation of LDHSs

For the synthesis of LDHSs, the co-precipitation method was more suitable than the

calcination-rehydration method. The N2 flow within the reaction chamber and the
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decarbonation of used distilled water and precipitating agents were conducted during
the LDHs synthesis so as to protect the disruption of desired anion intercalation from
the intercalation of high-affinity carbonate anions in the interlayer space. The
characterisations of all synthesised LDHs were analysed by the X-rays diffractometry
(XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA).

This study showed that the preparing conditions affecting the crystallinity and crystal
size of LDHs were pH, precipitating agent, and aging time. The optimum conditions
for the LDHs preparation were the aging at pH 9 for 24 h. The NaOH solution was
used to prepare LDH-NOs, LDH-BEHP, LDH-Phy and LDH-GP, whereas the
NH4OH solution was employed to prepare LDH-DPP. The anions of nitrate, BEHP,
GP or DPP intercalated between the metal hydroxide layers. Meanwhile, the layer

structure of LDHs was exfoliated by the anions of Phy.

From the TGA results, the pristine LDHs (LDHs intercalated with the CO3 or NO3)
displayed the loss of water adsorbed on the surface and intercalated between the
layered space at the below 250°C and the dehydration of metal hydroxide layers in the
range of 250-500°C. The residues were metal oxides, such as MgO and Al2Os. In the
case of the organophosphate ester modified LDHSs, not only the loss of water but the
organophosphate ester anions also decomposed. The modified LDHs had more
thermal stability than the pristine LDHs. The residual yields of the modified LDHs

also were higher than the pristine LDHs.

As the synthesised LDHs acted as the fillers for the polymers, there was necessary to
reduce and control the particle sizes of the LDHs. The use of attrition milling could
reduce the particle size distribution. Both the rotating speed and milling time
influenced the particle size distribution. The higher rotating speed and/or the longer
milling time caused the agglomeration of particles. Thus, the optimum conditions for
the milling were at 250 rpm for 2 h with the 100 um of particulate LDHs as the initial

substance.

8.1.2 Preparation and Characterisation of DGEBA/LDHs Nanocomposites
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The performance of the pristine LDHs (LDH-COz and LDH-NO3) and the modified
LDHs (LDH-BEHP, LDH-Phy, LDH-GP and LDH-DPP) was estimated by preparing
the nanocomposites based on the pure epoxy of DGEBA cured with the DDM or
DDM. The 1 wt%, 5 wt% and 10 wt% of LDHs were incorporated into the epoxy

matrix.

The two methods used for the preparation of nanocomposites were the only stirring
and the use of solvent, sonication, and mechanical stirring. From the investigation of
the cut edge of the nanocomposites, they had the consistency of colour. The results
implied that the LDHs were well distributed in the epoxy matrix. However, the
flexural properties of nanocomposites prepared from the use of solvent, sonication,
and mechanical stirring were slightly higher than those prepared from the only stirring
method. Hence, the suitable procedure for the blend between the DGEBA, LDHs and
curing agent was the use of solvent, sonication, and mechanical stirring. All the pure
resins and their nanocomposites were investigated the flexural properties, dynamic
mechanical properties, thermal stability and flammability by the three-point bending
tester, dynamic mechanical analyser, thermogravimetric analyser and UL-94 burning

testing, respectively.

For the DDM curing system, the loading of LDHs resulted in the slight reduction of
flexural strength and flexural modulus of nanocomposites by comparison with the
pure epoxy resin. The reduction of mechanical properties might occur the miscibility
of matrix and fillers or the agglomeration of fillers in the matrix, accounting for the
flaws in the nanocomposites. The mechanical properties of the epoxy nanocomposites
with the additions of organophosphate ester modified LDHs were higher than that
with the addition of pristine LDHSs due to the increase of interaction between the epoxy
resins and the modified LDHs.

Moreover, the storage modulus and loss modulus of the epoxy nanocomposites with
incorporating the pristine LDHs or the modified LDHs were higher than that of the
pure DGEBA/DDM. Since the components of LDHs lamellae were inorganic
compounds, they increased the stiffness of the polymer matrix and the friction of
polymer chain movement. These circumstances affected the increases of the storage
modulus and loss modulus for the epoxy nanocomposites. Besides, the storage
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modulus and loss modulus of the nanocomposites enhanced with the high loading
contents. Nevertheless, the LDHSs did not influence the temperatures of beta transition
(Tp) and glass transition (Tg). The Tp and Tg are related to the movements of the side
groups on the backbone polymer chains and the polymeric backbone chains,
respectively. The results stated that the mobility of both was not restricted with the
loading of LDHs.

With the thermal stability test under N2 atmospheres, the TGA thermograms of the
pure DGEBA/DDM presented the single stage of mass change in between 300°C and
500°C. It occurred the cleavage of polymer chains and crosslinked networks, releasing
the gaseous compounds containing the phenol, amine, ester, ether, hydrocarbon,
water, carbon dioxide and carbon monoxide. As a result, there was the formation of
char residues. The addition of 10 wt% LDHs-Phy or LDH-GP led to the increase of
thermal stability of the nanocomposites. The residual assay increased with the high

loading content of LDHs.

For the thermal stability test under air, both the pure epoxy and its nanocomposites
presented two stages of mass loss. The first decomposition stage reflected the
degradation of the polymer, and the second decomposition stage showed the thermal-
oxidative decomposition of residues produced from the first decomposition stage. The
decomposition temperatures of the nanocomposites reduced with the incorporation of
LDHs. The epoxy nanocomposite containing the LDH-Phy provided the highest
residual contents at 800°C.

Furthermore, the pure epoxy of DGEBA/DDM and its nanocomposites with the
loading of LDHSs had been tested the burning, which was the key of research. As the
thermal decompositions of the modified LDHs provided the volatilisation of non-
flammable gases and the formation of char, the epoxy nanocomposites presented the
decrease of ignition times and the increase of combustion resistance with the 5 and 10
wt% loadings of the modified LDHs.

8.1.3 Preparation and Characterisation of DGEBA/DDS-LDHs nanocomposites

In case of the DDS curing system, the LDHSs could well distribute in the epoxy matrix,
observed from the colour consistency of the cut edge. The incorporation of LDHs did
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not significantly affect the flexural properties; however, it affected the dynamic
mechanical properties. For the same reasons mentioned in the DDM curing system,
the stiffness of the epoxy nanocomposites and the friction between the epoxy and
fillers increased with the loading of LDHSs. As a result, there were the increases in the
storage modulus and loss modulus. Meanwhile, the LDHs did not influence the
change of Tg and Ty, excluding the loading of LDH-BEHP. It might correspond to the

interaction between epoxy matrix and fillers.

For the study of thermal behaviours under N> atmosphere, the pure DGEBA/DDS
decomposed to the gases of SO,, CO and CHa4 and the char solids of aromatic-O and
aromatic-N compounds at between 350°C and 500°C. The thermal decomposition
characteristics of the nanocomposites were similar to the pure epoxy resin; however,
the initial decomposition of the nanocomposites took place at the lower temperature.
Additionally, the composites containing the organophosphate ester modified LDHs
appeared the mass loss at the temperature over 500°C, occurring the decomposition of
phosphorus compounds.

Under the air atmosphere, all the pure resin and its nanocomposites with the LDHs
displayed two stages of mass loss: the thermal decomposition of resin and the thermal-
oxidative decomposition of solid compounds produced in the first stage. The thermal
behaviours of the epoxy nanocomposites under air resembled under N2 atmosphere;
that was, the LDHSs acted as the accelerators for the degradation of the resin. Besides,

the LDHs increased the content of residues.

The flammability of epoxy nanocomposites reduced with the incorporation of 5 wt%
LDHs since there were the increase of ignition number and the decrease of burning
time after applying the first flame by comparison with the pure DGEBA/DDS.
Besides, the combustion of nanocomposites was delayed by incorporating the
organophosphate ester modified LDHSs, causing the increase of total burning time.
However, the addition of 5 wt% modified LDHSs could not stop the burning of epoxy

nanocomposites by using the DDS curing agent.

Moreover, the flame retardancy of epoxy nanocomposites in the DDS curing system
enhanced with loading the 10 wt% LDHSs particular to the organophosphate ester
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modified LDHSs. The burning time after the first ignition with the incorporation of 10
wt% LDHs was shorter than the addition of 5 wit% LDHs. All the epoxy
nanocomposites containing the 10 wt% modified LDHs were self-extinguish. The 10
wt% LDH-GP was the highest efficiency of flame retardancy for the DDS cured
DGEBA.

To conclude, this research stated that the LDHs modified with the organophosphate
ester anions, namely the BEHP, Phy, GP and DPP, enhanced the flame retardancy of
the DGEBA cured with the DDM or DDS. The modified LDHs accelerated the
thermal degradation of the epoxy nanocomposites, resulting in the volatilisation of
water and gases and the formation of char at the low temperature. These products
could restrict the dispersion of flame, heat and combustible gases. Nevertheless, the
incorporation of modified LDHs did not result in the changes of mechanical properties
and phase transition temperatures. Hence, the organophosphate ester modified LDHs

can be employed as the flame retardants for the epoxy resins.

8.1.4 Overall Summary of Discussed Results

The modifications of LDHs with the four different types of organophosphate
compounds (BEHP, Phy, GP and DPP) prepared by the co-precipitation method were
successful in this study. The conditions being proper for the synthesis of modified
were the aging at pH 9 for 24 h under the N2 atmosphere and the decarbonation. The
molecules of BEHP, GP and DPP could be intercalated between the metal hydroxide
layers whereas the modification with the Phy could exfoliate the layers. In addition to
the presence of organophosphate anions in the interlayer regions, there was the
intercalation of water molecules adsorbed on the surface of LDHs and intercalated
between the layers in the structure of LDHs.

For the thermal decomposition of modified LDHSs, the below 250°C presented the
decomposition of water molecules adsorbed on the LDH surface and intercalated in
the interlayers and the temperature range of 250-500°C provided the dehydrogenation
of layered metal hydroxides and the degradation of organophosphate molecules in the
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structure of LDHs. The decomposition temperatures of the modified LDHs were

lower than the pristine LDHs.

For the preparation of EP/LDHs nanocomposites cured with the DDM or DDM, the
use of acetone solvent, sonication and mechanical stirring for blending the epoxy resin
and the LDHs fillers provided the flexural properties more than the only use of
mechanical stirring. Both the pristine and modified LDHs well dispersed in the EP
matrix as observing the cut edge of the samples. With the incorporation of 1 wt%, 5
wt% and 10 wt% LDHs in the EP matrix, there were not the significant difference of
flexural properties and the dynamic mechanical properties. Besides, the incorporation
of LDHs reduced the initial decomposition temperature of the nanocomposites
comparing to the pure EP. However, the thermal stability of the nanocomposites at
the high temperature was more than the pure EP. The higher content of LDHs also

increased the thermal stability of the nanocomposites and the char residues.

Compared the flame retardancy performance of pristine LDHs with the modified
LDHs, the modified LDHs were higher performance than the pristine LDHSs. In the
DDM curing system, the incorporation of 5 wt% modified LDHs was enough content
to retard the combustion of epoxy resin. Meanwhile, the DDS curing system need to
apply the 10 wt% modified LDHs for inhibiting the flame retardancy for epoxy resin.
Hence, the organophosphate-modified LDHs could be used as the flame retardants for

the epoxy resin.

8.2 Future works

From the experimental results, the organophosphate ester modified LDHs did not
induce the significant increase of mechanical properties and the glass transition
temperature of epoxy nanocomposites. These characteristics might correlate to the
interaction between resin and LDHSs. Future studies should attempt to improve the
compatibility of polymer and fillers and the dispersion of LDHs in the matrix by
functionalising the LDHSs surface with interface modifiers such as stearic acid and
organosilane coupling agents. The interface modifiers consist of the carboxylate or
inorganic fraction and the hydrocarbon fraction. The former can connect to the
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inorganic fillers, while the latter can bond to the epoxy resin. The modification of
LDH surface can also adjust polarity close to the polarity of epoxy resin. Furthermore,

the modified LDHs may be added in other resins or curing agents.

Many researchers have investigated the crystal morphology of LDHs by using a
scanning electron microscope (SEM). It would be interesting to comprehend the
crystal shapes and particle size of LDHSs. Further study is needed to determine the
dispersion of LDHs in the polymer matrix using a transmission electron microscope
(TEM). As the crosslinking densities of the cured resins in this study were examined
from the calculation of DMA data, this method might not be appropriate for
determining the crosslinking densities for the epoxy resins. Future work should look
for the proper techniques of crosslinking density measurement such as use of infrared

spectrometry or swelling method.

This study proposed the thermal decomposition mechanisms of organophosphate ester
reactants using the mass loss data and the molecular weight from the TGA. In addition,
there was speculation of the products produced from the thermal decomposition of
LDHs modified organophosphate ester anions and epoxy resins. The obtained results
were just the estimation based on the literature and the conversion of mass loss to
molecular weight, which might account for the error in the speculation. To achieve
the accuracy of results, the study of thermal stability should be investigated by using
the TGA connecting to FTIR and mass spectrometry so as to detect the structure of
gas phases released during the increase of heat. It is useful to the study of combustion

behaviours for polymer nanocomposites containing the LDHs.

As mentioned in Chapter 2 and Chapter 6, the cone calorimetry is the excellent
technique used intensively to study the combustion behaviours for polymers since it
can analyse ignition and total combustion times, heat release, volatile components and
amount of smoke. In the research plan, the cone calorimetry test would be carried out
at The University of Bolton. Due to the COVID-19 pandemic, this plan was disrupted.
The UL-94 test was considered to estimate the flammability of the polymer.
Therefore, it is recommended that the cone calorimetry test is investigated in the future

work.
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Table I-1 The flexural strength of the pure DGEBA and its nanocomposites containing

the LDH-CO3z in the DDM curing system prepared with the mechanical

stirring.
Sample Flexural Strength (MPa)
No filler 1% LDH-COs3 5% LDH-COs3 10% LDH-COs3
1 183.88 133.40 106.61 84.14
2 160.06 140.02 100.39 142.57
3 171.08 128.38 126.92 100.29
4 176.55 143.08 132.74 89.74
5 173.02 128.65 126.12 65.65
Average 172.92 134.71 118.56 96.48
SD 8.69 6.65 14.15 28.67

Table 1-2 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-COz3 in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-COs3 5% LDH-CO3 10% LDH-CO3

1 3182.54 3167.46 2481.60

2 3167.46 2676.26 2579.13

3 3173.92 2520.29 2657.00

4 2831.96 2521.81 2680.17

5 3087.04 2609.57 2657.99
Average 3088.58 2699.08 2611.18
SD 148.48 269.86 81.96
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Table I-3 The flexural strength of the pure DGEBA and its nanocomposites containing

the LDH-NO3z in the DDM curing system prepared with the mechanical

stirring.
Sample Flexural Strength (MPa)
No filler 1% LDH-NO3 5% LDH-NO3 10% LDH-NOs3
1 183.88 116.07 126.97 148.23
2 160.06 140.28 119.30 149.59
3 171.08 146.32 122.74 129.05
4 176.55 146.17 143.30 120.42
5 173.02 139.52 117.64 136.85
Average 172.92 137.67 125.99 136.83
SD 8.69 12.49 10.32 12.48

Table 1-4 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-NOs in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-NOs3 5% LDH-NO3 10% LDH-NOs3

1 3182.54 2531.53 2826.54 2909.32

2 3167.46 2591.80 2562.00 2826.44

3 3173.92 2561.96 2670.28 2802.71

4 2831.96 2610.97 2717.42 2841.13

5 3087.04 2556.24 2622.79 2843.18
Average 3088.58 2570.50 2679.81 2844.56
SD 148.48 31.17 100.21 39.65
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Table I-5 The flexural strength of the pure DGEBA and its nanocomposites containing

the LDH-BEHP in the DDM curing system prepared with the mechanical

stirring.
Sample Flexural Strength (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP 10% LDH-BEHP
1 183.88 138.60 110.00 110.23
2 160.06 130.73 123.80 122.33
3 171.08 120.57 125.13 94.98
4 176.55 120.41 106.64 111.79
5 173.02 121.16 145.44 117.36
Average 172.92 126.29 122.20 111.34
SD 8.69 8.14 15.35 10.32

Table 1-6 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-BEHP in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP  10% LDH-BEHP
1 3182.54 2614.53 2449.47 2356.28
2 3167.46 2536.18 2414.09 2398.34
3 3173.92 2606.22 2585.15 2354.26
4 2831.96 2558.55 2568.54 2130.87
5 3087.04 2621.91 2468.47 2232.94
Average  3088.58 2587.48 2497.14 2294.54
SD 148.48 37.87 75.55 110.38
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Table I-7 The flexural strength of the pure DGEBA and its nanocomposites containing

the LDH-Phy in the DDM curing system prepared with the mechanical

stirring.
Sample Flexural Strength (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy
1 183.88 2543.02 3209.93 3131.06
2 160.06 2603.21 2952.71 2924.35
3 171.08 2265.27 2958.57 3074.17
4 176.55 2507.83 2912.51 3237.09
5 173.02 2409.25 2926.49 2993.1
Average 172.92 2465.72 2992.04 3071.95
SD 8.69 132.31 123.25 121.22

Table 1-8 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-Phy in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy
1 3182.54 182.38 145.46 118.98
2 3167.46 174.65 154.55 147.53
3 3173.92 132.78 134.3 120.03
4 2831.96 171.41 149.16 127.12
5 3087.04 161.15 130.61 114.81
Average 3088.58 164.47 142.82 125.69
SD 148.48 19.29 10.08 12.99
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Table 1-9 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-GP in the DDM curing system prepared with the mechanical

stirring.
Sample Flexural Strength (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP
1 183.88 155.51 170.08 137.03
2 160.06 149.00 165.47 131.99
3 171.08 161.36 168.43 164.11
4 176.55 154.79 166.25 167.05
5 173.02 154.63 142.67 161.75
Average 172.92 155.02 162.61 155.41
SD 8.69 3.92 10.09 16.53

Table 1-10 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-GP in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP

1 3182.54 2669.01 2488.01 2824.31

2 3167.46 2651.48 2560.84 2880.37

3 3173.92 2602.83 2502.22 2774.00

4 2831.96 2626.10 2538.72 2735.24

5 3087.04 2525.73 2526.80 2875.64
Average 3088.58 2615.51 2522.88 2803.76
SD 148.48 49.99 25.90 66.40
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Table 1-11 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-DPP in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-DPP 5% LDH-DPP 10% LDH-DPP
1 183.88 137.15 141.20 124.03
2 160.06 130.61 111.30 136.07
3 171.08 142.01 117.01 112.01
4 176.55 137.27 122.88 115.26
5 173.02 132.56 109.84 102.45
Average 172.92 135.92 120.45 117.96
SD 8.69 4.47 12.69 12.73

Table 1-12 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-DPP in the DDM curing system prepared with the

mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-DPP 5% LDH-DPP 10% LDH-DPP

1 3182.54 2518.63 2848.03 2733.80

2 3167.46 2612.27 2794.86 2756.95

3 3173.92 2594.10 2814.40 2718.16

4 2831.96 2584.21 2905.49 2748.31

5 3087.04 2636.38 2756.86 2703.54
Average 3088.58 2589.12 2823.93 2732.15
SD 148.48 44,12 56.27 21.75
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Table 1-13 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-COs in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-COs 5% LDH-CO3 10% LDH-CO3
1 183.88 165.71 112.73 77.99
2 160.06 140.01 143.39 120.56
3 171.08 153.41 129.63 119.33
4 176.55 145.93 132.64 107.10
5 173.02 134.64 128.87 94.22
Average 172.92 147.94 129.45 103.84
SD 8.69 12.14 11.00 17.96

Table 1-14 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-COs in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-CO3 5% LDH-COs3 10% LDH-COs3
1 3182.54 2542.95 2688.02 2687.90
2 3167.46 2525.64 2666.12 2785.35
3 3173.92 2514.36 2603.89 2891.79
4 2831.96 2558.41 2537.45 2605.78
5 3087.04 2594.46 2625.00 2737.82
Average 3088.58 2547.16 2624.10 2741.73
SD 148.48 31.31 58.67 107.03

350



Table 1-15 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-NO3 in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-NO3 5% LDH-NOs 10% LDH-CO3
1 183.88 127.16 154.50 146.19
2 160.06 160.42 138.75 145.45
3 171.08 164.82 135.00 143.87
4 176.55 155.98 136.35 122.52
5 173.02 125.29 134.91 116.12
Average 172.92 146.73 139.90 134.83
SD 8.69 19.00 8.31 14.36

Table 1-16 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-NOs in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-NO3 5% LDH-NO3 10% LDH-NOs3

1 3182.54 2668.90 3166.05 3180.24

2 3167.46 2748.55 2972.21 3056.48

3 3173.92 2643.07 3191.46 2976.37

4 2831.96 2745.99 2971.01 2943.47

5 3087.04 2732.71 2862.56 3005.97
Average 3088.58 2707.85 3032.66 3032.50
SD 148.48 48.59 140.89 92.44
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Table 1-17 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-BEHP in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP 10% LDH-BEHP
1 183.88 144.12 123.39 105.03
2 160.06 124.41 126.63 119.29
3 171.08 122.26 136.78 98.67
4 176.55 134.37 117.41 110.09
5 173.02 103.95 95.98 111.06
Average 172.92 125.82 120.04 108.83
SD 8.69 15.01 15.17 7.64

Table 1-18 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-BEHP in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP  10% LDH-BEHP
1 3182.54 2532.47 2491.41 2559.57
2 3167.46 2438.49 2599.84 2343.43
3 3173.92 2669.68 2472.60 2728.68
4 2831.96 2683.84 2486.13 2602.76
5 3087.04 2518.81 2343.93 2682.42
Average  3088.58 2568.66 2478.78 2583.37
SD 148.48 105.13 90.96 149.53
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Table 1-19 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-Phy in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy
1 183.88 170.08 163.35 138.37
2 160.06 168.73 155.26 145.43
3 171.08 175.72 148.37 163.33
4 176.55 181.16 168.36 131.96
5 173.02 157.91 165.16 143.22
Average 172.92 170.72 160.10 144.46
SD 8.69 8.70 8.15 11.75

Table 1-20 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-Phy in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy

1 3182.54 3052.21 2773.46 2983.07

2 3167.46 2644.36 2690.68 3152.26

3 3173.92 2795.87 2881.42 2990.31

4 2831.96 2731.99 3153.38 3178.14

5 3087.04 2647.13 3043.22 3045.83
Average 3088.58 2774.31 2908.43 3069.92
SD 148.48 167.74 190.09 90.76
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Table 1-21 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-GP in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP

1 183.88 175.49 167.52 175.10

2 160.06 172.72 152.23 172.33

3 171.08 178.89 169.41 172.70

4 176.55 169.94 175.74 170.31

5 173.02 165.37 177.04 169.90
Average 172.92 172.48 168.39 172.07
SD 8.69 5.18 9.90 2.09

Table 1-22 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-GP in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP

1 3182.54 2802.72 2676.98 2813.52

2 3167.46 2756.52 2742.90 2804.81

3 3173.92 2821.42 2861.69 2723.90

4 2831.96 2672.43 2778.30 2764.28

5 3087.04 2830.83 2755.95 2847.28
Average 3088.58 2776.78 2763.16 2790.76
SD 148.48 64.98 66.76 47.65
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Table 1-23 The flexural strength of the pure DGEBA and its nanocomposites
containing the LDH-DPP in the DDM curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-DPP 5% LDH-DPP 10% LDH- DPP
1 183.88 178.85 168.63 117.46
2 160.06 163.72 153.41 151.42
3 171.08 177.76 164.75 149.62
4 176.55 174.62 139.63 146.88
5 173.02 175.75 159.15 135.97
Average 172.92 174.14 157.11 140.27
SD 8.69 6.06 11.34 14.09

Table 1-24 The flexural strength and flexural modulus of the pure DGEBA and its
nanocomposites containing the LDH-DPP in the DDM curing system

prepared with the solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-DPP 5% LDH-DPP 10% LDH-DPP

1 3182.54 2670.27 2920.24 3802.89

2 3167.46 2866.27 2704.29 3796.61

3 3173.92 2718.86 2818.13 3725.92

4 2831.96 2660.93 2798.81 3857.53

5 3087.04 2788.16 2857.57 3788.80
Average 3088.58 2740.90 2819.81 3794.35
SD 148.48 86.34 79.53 46.86
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Appendix |1

Burning Test of DGEBA/DDM
and Its Nanocomposites
Containing LDHSs




Table 11-1 The combustion time and characteristics of the pure DGEBA cured with the

DDM.
Sample Combustion Combustion time ~ Total time of  Flame  Dripping
time after the after the second  combustion (s) to
first ignition (s) ignition (s) clamp
1 97 153 250 Yes Yes
2 88 200 288 Yes Yes
3 116 180 296 Yes Yes
4 72 176 248 Yes Yes
5 70 194 264 Yes Yes
Average 89 181 Yes Yes
SD 19 18 Yes Yes

Table 11-2 The combustion time and characteristics of the DGEBA/5% LDH-CO3 cured
with the DDM.

Sample  Combustion time Combustiontime  Total time of  Flame  Dripping

after the first after the second  combustion (s) to

ignition (S) ignition (S) clamp
1 20 149 169 Yes Yes
2 25 180 205 Yes Yes
3 16 153 169 Yes Yes
4 82 176 258 Yes Yes
5 47 166 213 Yes Yes
Average 38 165 Yes Yes
SD 27 14 Yes Yes
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Table 11-3 The combustion time and characteristics of the DGEBA/10% LDH-CO3 cured
with the DDM.

Sample  Combustion time Combustiontime  Total time of = Flame  Dripping

after the first after the second  combustion (s) to
ignition (s) ignition (s) clamp
1 22 10 32 No No
2 25 8 33 No No
3 30 10 40 No No
4 28 26 54 No No
5 27 19 46 No No
Average 26 15
SD 3 8

Table 11-4 The combustion time and characteristics of the DGEBA/5% LDH-NOs cured
with the DDM

Sample  Combustion time Combustiontime  Total time of  Flame  Dripping

after the first after the second  combustion (s) to

ignition (S) ignition (S) clamp
1 66 70 136 Yes Yes
2 22 119 141 Yes Yes
3 79 156 235 Yes Yes
4 35 168 203 Yes Yes
5 33 71 104 Yes Yes
Average 47 117
SD 24 46
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Table 11-5 The combustion time and characteristics of the DGEBA/10% LDH-NO3 cured

with the DDM.
Sample Combustion Combustion time  Total time of  Flame  Dripping
time after the after the second  combustion (s) to
first ignition (s) ignition (s) clamp
1 14 48 62 No No
2 5 34 39 No No
3 7 39 46 No No
4 12 46 58 No No
5 9 34 43 No No
Average 9 40
SD 4 7

Table I1-6 The combustion time and characteristics of the DGEBA/5% LDH-BEHP cured
with the DDM.

Sample Combustion Combustion time  Total time of  Flame  Dripping

time after the after the second  combustion (s) to

first ignition (s) ignition (s) clamp
1 21 55 76 No No
2 28 37 65 No No
3 19 29 48 No No
4 31 41 72 No No
5 29 50 79 No No
Average 26 42
SD 5 10
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Table 11-7 The combustion time and characteristics of the DGEBA/10% LDH-BEHP
cured with the DDM.

Sample Combustion Combustion time  Total time of  Flame  Dripping
time after the after the second  combustion (s) to
first ignition (s) ignition (s) clamp

1 8 29 37 No No

2 10 27 37 No No

3 16 13 29 No No

4 18 16 34 No No

5 9 13 22 No No
Average 12 20
SD 4 8

Table 11-8 The combustion time and characteristics of the DGEBA/5% LDH-Phy cured
with the DDM

Sample Combustion Combustion time  Total time of  Flame  Dripping

time after the after the second  combustion (s) to

first ignition (s) ignition (s) clamp
1 17 70 87 No No
2 12 78 90 No No
3 16 46 62 No No
4 15 52 67 No No
5 44 75 119 No No
Average 21 64
SD 13 14
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Table 11-9 The combustion time and characteristics of the DGEBA/10% LDH-Phy cured

with the DDM.
Sample Combustion Combustion time  Total time of  Flame  Dripping
time after the after the second  combustion (s) to
first ignition (s) ignition (s) clamp
1 14 38 52 No No
2 28 8 36 No No
3 15 35 50 No No
4 9 10 19 No No
5 7 12 19 No No
Average 15 21
SD 8 15

Table 11-10 The combustion time and characteristics of the DGEBA/5% LDH-GP cured
with the DDM.

Sample Combustion Combustion time  Total time of  Flame  Dripping

time after the after the second  combustion (s) to

first ignition (s) ignition (s) clamp
1 20 58 78 No No
2 20 66 86 No No
3 38 66 104 No No
4 26 71 97 No No
5 25 69 94 No No
Average 26 66
SD 7 5
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Table 11-11 The combustion time and characteristics of the DGEBA/10% LDH-GP cured

with the DDM.
Sample Combustion Combustion time  Total time of  Flame  Dripping
time after the after the second  combustion (s) to
first ignition (s) ignition (s) clamp
1 23 19 42 No No
2 23 17 40 No No
3 20 24 44 No No
4 22 23 45 No No
5 18 22 40 No No
Average 21 21
SD 2 3

Table 11-12 The combustion time and characteristics of the DGEBA/5% LDH-DPP cured
with the DDM.

Sample Combustion Combustion time  Total time of  Flame  Dripping

time after the after the second  combustion (s) to

first ignition (s) ignition (s) clamp
1 22 32 54 No No
2 24 60 84 No No
3 43 43 86 No No
4 23 45 68 No No
5 22 43 65 No No
Average 27 45
SD 9 10
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Table 11-13 The combustion time and characteristics of the DGEBA/10% LDH-DPP
cured with the DDM

Sample Combustion Combustion time  Total time of  Flame  Dripping
time after the after the second combustion to
first ignition (s) ignition (s) (s) clamp

1 12 16 28 No No

2 15 22 37 No No

3 8 18 26 No No

4 19 31 50 No No

5 7 28 35 No No
Average 12 23
SD 5 6
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Appendix 111

Flexural Behaviours of
DGEBA/DDS and

Its Nanocomposites
Containing LDHSs
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Table 111-1 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-COz in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-COs 5% LDH-COs3 10% LDH-CO3
1 183.88 168.81 167.65 165.42
2 160.06 180.09 172.78 185.77
3 171.08 174.63 176.47 161.71
4 176.55 177.39 181.62 163.43
5 173.02 182.43 156.88 185.90
Average 172.92 176.67 171.08 172.44
SD 8.69 5.28 9.44 12.29

Table 111-2 The flexural modulus of the pure DGEBA and its nanocomposites containing
the LDH-COz in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-CO3 5% LDH-CO3 10% LDH-CO3

1 3182.54 2794.65 2819.98 2854.37

2 3167.46 2747.81 2583.50 2849.02

3 3173.92 2742.88 2935.91 2741.86

4 2831.96 2862.91 2958.94 2669.01

5 3087.04 2716.26 2794.65 2871.74
Average 3088.58 2772.90 2818.59 2797.20
SD 148.48 57.69 149.42 88.04
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Table 111-3 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-NOs in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler ~ 1% LDH-NO3 5% LDH-NOs 10% LDH-NO3
1 183.88 196.84 200.738 176.41
2 160.06 193.86 204.7866 152.36
3 171.08 191.26 196.1311 177.23
4 176.55 182.56 179.2991 176.86
5 173.02 190.97 188.0886 164.74
Average 172.92 191.10 193.81 169.52
SD 8.69 5.33 10.21 10.93

Table 111-4 The flexural modulus of the pure DGEBA and its nanocomposites containing
the LDH-NOs in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-NO3 5% LDH-NO3 10% LDH-NOs3

1 3182.54 2983.15 3162.3075 3131.62

2 3167.46 3140.96 3149.98311 3213.83

3 3173.92 3090.08 3143.17833 3302.95

4 2831.96 3049.56 3119.30335 3204.62

5 3087.04 3038.85 3027.85691 3166.48
Average 3088.58 3060.52 3120.53 3203.90
SD 148.48 58.99 54.12 64.29
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Table 111-5 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-BEHP in the DDS curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP 10% LDH-BEHP
1 183.88 171.03 151.5163 151.0413
2 160.06 178.0237 142.5 167.43
3 171.08 178.345 173.3 152.87
4 176.55 181.4433 168 181.23
5 173.02 159.7245 192.1 173.94
Average 172.92 173.71 165.48 165.30
SD 8.69 8.70 19.36 13.14

Table I1I-6 The flexural modulus of the pure DGEBA and its nanocomposites
containing the LDH-BEHP in the DDS curing system prepared with the

solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-BEHP 5% LDH-BEHP 10% LDH-BEHP
1 3182.54 3100.62 3002.13 3577.02
2 3167.46 3098.20 3299.06 3203.83
3 3173.92 3074.80 3149.21 3403.76
4 2831.96 3030.21 3283.58 3149.21
5 3087.04 3150.56 3300.82 3328.90
Average  3088.58 3090.88 3206.96 3332.54
SD 148.48 43.73 130.82 169.58
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Table 111-7 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-Phy in the DDM curing system prepared with the solvent, sonication

and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy
1 183.88 180.743 159.0875 207.38
2 160.06 195.4227 202.6106 194.15
3 171.08 191.5682 211.3999 200.09
4 176.55 199.5624 191.7665 149.70
5 173.02 196.047 181.7963 174.44
Average 172.92 192.67 189.33 185.15
SD 8.69 7.244892 20.25314 23.2919

Table 111-8 The flexural modulus of the pure DGEBA and its nanocomposites containing
the LDH-Phy in the DDM curing system prepared with the solvent, sonication

and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-Phy 5% LDH-Phy 10% LDH-Phy
1 3182.54 3133.02 3378.03 3368.87
2 3167.46 145.6387 224.7247 246.8514
3 3173.92 3133.02 3378.03 3368.87
4 2831.96 145.6387 224.7247 246.8514
5 3087.04 3133.02 3378.03 3368.87
Average 3088.58 3133.02 3378.03 3368.87
SD 148.48 145.6387 224.7247 246.8514
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Table 111-9 The flexural strength and flexural modulus of the pure DGEBA and its
nanocomposites containing the LDH-GP in the DDM curing system

prepared with the solvent, sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP
1 183.88 179.91 173.98 204.04
2 160.06 196.08 163.69 199.65
3 171.08 201.92 178.86 198.08
4 176.55 188.96 160.19 183.89
5 173.02 190.92 184.42 196.17
Average 172.92 191.56 172.23 196.37
SD 9.49 10.17 7.55 9.49

Table 111-10 The flexural strength and flexural modulus of the pure DGEBA and its
nanocomposites containing the LDH-GP in the DDM curing system

prepared with the solvent, sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-GP 5% LDH-GP 10% LDH-GP
1 3182.54 2924.61 2983.15 3291.53
2 3167.46 3024.24 3075.36 3298.81
3 3173.92 2942.29 3003.88 3131.18
4 2831.96 2879.03 3136.83 3365.21
5 3087.04 2940.89 2947.64 3124.59
Average 3088.58 2942.21 3029.37 3242.26
SD 148.48 60.64 76.04 108.31
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Table I111-11 The flexural strength of the pure DGEBA and its nanocomposites containing
the LDH-DPP in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Strength (MPa)
No filler ~ 1% LDH-DPP 5% LDH-DPP 10% LDH-DPP
1 183.88 196.33 204.58 182.19
2 160.06 185.97 160.51 200.49
3 171.08 202.05 150.79 148.69
4 176.55 169.19 190.24 145.78
5 173.02 183.96 170.38 161.66
Average 172.92 187.50 175.30 167.76
SD 8.69 12.65 23.46 23.26

Table I11-12 The flexural modulus of the pure DGEBA and its nanocomposites containing
the LDH-DPP in the DDM curing system prepared with the solvent,

sonication and mechanical stirring.

Sample Flexural Modulus (MPa)
No filler 1% LDH-DPP 5% LDH-DPP 10% LDH-DPP
1 3182.54 3184.67 3519.69 3488.79
2 3167.46 3379.20 3955.41 3625.03
3 3173.92 3200.66 3587.98 3979.46
4 2831.96 3482.48 3405.96 3953.51
5 3087.04 3229.28 3619.23 4148.43
Average 3088.58 3295.26 3617.65 3839.04
SD 148.48 130.03 205.78 272.50
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Appendix 1V

Burning Test of DGEBA/DDS
and Its Nanocomposites
Containing LDHSs




Table IV-1 The combustion time and characteristics of the pure DGEBA cured with the
DDS.

Combustion time Combustion time  Total time of Flame  Dripping

Sample after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 271 - Yes Yes
2 230 - Yes Yes
3 256 - Yes Yes
4 242 - Yes Yes
5 233 - Yes Yes
Average 246 -
SD 17 -

Table 1VV-2 The combustion time and characteristics of the DGEBA/5% LDH-COs3 cured
with the DDS.

Sample  Combustion time Combustiontime Total time of Flame Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 121 129 250 Yes Yes
2 60 116 176 Yes Yes
3 86 142 228 Yes Yes
4 114 225 339 Yes Yes
5 107 169 276 Yes Yes
Average 98 156
SD 25 43
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Table IVV-3 The combustion time and characteristics of the DGEBA/10% LDH-COj3; cured
with the DDS.

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 39 214 253 Yes Yes
2 53 108 161 Yes Yes
3 69 207 276 Yes Yes
4 81 60 141 Yes Yes
5 43 217 260 Yes Yes
Average o7 161
SD 18 73

Table 1VV-4 The combustion time and characteristics of the DGEBA/5% LDH-NO3 cured
with the DDS.

Sample  Combustion time Combustiontime Total time of Flame Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 36 147 183 Yes Yes
2 94 136 230 Yes Yes
3 78 132 210 Yes Yes
4 73 143 216 Yes Yes
5 49 137 186 Yes Yes
Average 66 139
SD 23 6
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Table IV-5 The combustion time and characteristics of the DGEBA/10% LDH-NO;3; cured
with the DDS.

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 30 201 231 Yes Yes
2 60 24 84 Yes Yes
3 80 193 273 Yes Yes
4 45 202 247 Yes Yes
5 33 235 268 Yes Yes
Average 50 171
SD 21 84

Table 1VV-6 The combustion time and characteristics of the DGEBA/5% LDH-BEHP
cured with the DDS

Sample  Combustion time Combustiontime Total time of Flame Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 89 148 237 Yes Yes
2 72 112 184 Yes Yes
3 68 121 189 Yes Yes
4 81 132 213 Yes Yes
5 37 135 172 Yes Yes
Average 69 130
SD 20 14
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Table V-7 The combustion time and characteristics of the DGEBA/10% LDH-BEHP
cured with the DDS.

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 17 213 230 No No
2 15 224 239 No No
3 8 217 225 No No
4 59 221 280 No No
5 23 218 241 No No
Average 24 219
SD 20 4

Table IV-8 The combustion time and characteristics of the DGEBA/5% LDH-Phy cured
with the DDS.

Sample Combustion time Combustion time Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 103 151 254 Yes Yes
2 116 200 316 Yes Yes
3 117 215 332 Yes Yes
4 57 184 241 Yes Yes
5 35 268 303 Yes Yes
Average 86 204
SD 37 43
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Table IV-9 The combustion time and characteristics of the DGEBA/10% LDH-Phy cured
with the DDS

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 17 211 228 No No
2 12 198 210 No No
3 14 192 206 No No
4 17 207 224 No No
5 10 187 197 No No
Average 14 199
SD 3 10

Table 1VV-10 The combustion time and characteristics of the DGEBA/5% LDH-GP cured
with the DDS

Sample Combustion time Combustion time Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 52 220 272 Yes Yes
2 105 215 320 Yes Yes
3 59 216 275 Yes Yes
4 117 217 334 Yes Yes
5 161 212 373 Yes Yes
Average 99 216
SD 45 3
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Table IV-11 The combustion time and characteristics of the DGEBA/10% LDH-GP cured
with the DDS

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 30 28 58 No No
2 18 29 47 No No
3 32 10 42 No No
4 21 8 29 No No
5 32 6 38 No No
Average 27 16
SD 7 11

Table 1V-12 The combustion time and characteristics of the DGEBA/5% LDH-DPP
cured with the DDS.

Sample Combustion time Combustion time Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 45 187 232 Yes Yes
2 90 172 262 Yes Yes
3 68 182 250 Yes Yes
4 80 191 271 Yes Yes
5 59 202 261 Yes Yes
Average 68 187
SD 18 11
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Table 1V-13 The combustion time and characteristics of the DGEBA/10% LDH-DPP
cured with the DDS.

Sample  Combustion time Combustion time  Total time of Flame  Dripping

after the first after the second combustion to
ignition (s) ignition (s) (s) clamp
1 21 164 185 No No
2 18 133 151 No No
3 26 156 182 No No
4 34 169 203 No No
5 31 175 206 No No
Average 26 159
SD 7 16
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