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ABSTRACT

In polymer clay nanocomposite formations by a two-roll mill and twin screw
extruder, the adsorption behaviors of surfactant onto clay surface, and the relationship between
surface coverage of surfactant and clay dispersion in matrix polymer were investigated by
differential thermogravimetry (DTG), contact angle measurement, thermogravimetric analysis
(TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and tensile test etc.

The first system was based on synthesized organoclay with various degrees of
surfactant (S18) adsorption. The adsorption behaviors of surfactant (S18) onto clay platelets
were divided into three distinct stages. At the third stage of adsorption of surfactant (15mM of
S18 loading), the wettability of clay platelets was improved in polypethylene-clay
nanocomposites compounded by a two-roll mill, although a submicronmeter size agglomerate
was detected. The intercalate-exfoliated was found in the medium coverage organoclay, and a
conventional composite was found in the high coverage organoclay. The highest ultimate
tensile strength was exhibited by the addition of oxidized polyethylene wax (OWax), where
the organoclay can achieve a higher degree of dispersion in the polymeric matrix.

Commercially available clay platelets with different degrees of surface coverage
(low; LC, medium; MC, and high; HC) were prepared at polymer clay nanocomposite
formations by a twin screw extruder with polypropylene and high density polyethylene with
the co-intercalant. Critical surface energy (CSE) greatly depends on the degree of surface
coverage of surfactant. Intercalation of compatibilizers and polymer into interlayer of LC and
MC was observed on XRD. However, HC did not exhibit intercalation and exfoliation in pre-
dispersed organoclay and nanocomposites.

KEY WORDS: BENTONITE / NANOCOMPOSITES / ORGANOCLAY /
POLYETHYLENE / POLYPROPYLENE
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CHAPTER I

INTRODUCTION

1.1 Polymer clay nanocomposites

Polymer-clay nanocomposites based on thermoplastic polymers such as
polyethylene (PE) [1], polypropylene (PP) [2], polystyrene (PS), nylon(N-6, N-6,6) [3]
have been emerged as a new kind of composite material during the past decade.
Applications, such as food packaging films, wires, fibers and cable jacketing,
automotives, and agriculture films, of the matrix polymer have been realized. It was
reported that an average annual growth rate of global consumption of nanocomposites
would be 24% [4].

Polymer clay nanocomposites possess several unique properties, such as
strength and permeation, which can be achieved by adding a small amount of the clay
into the polymeric matrix. It was found that the properties of polymer-clay
nanocomposites are controlled by clay dispersion and delamination of individual clay
layer [1, 2, 14]. The addition of clay into polymeric matrices can improve
mechanical, physical (thermal and barrier) and chemical properties of matrices and

reduces cost in some cases compared to other additives.

1.2 Surface active agent

Surface energy on the clay particles is considered as high, or polar surface,



Jumpei Hoshino Introduction / 2

due to the presence of oxygen on the surface of the clay and is often referred as
hydrophilic in nature. Most of the commoidity polymers, such as polypropylene (PP)
and polyethylene (PE), are hydrophobic in nature. In order to accomplish a
homogeneous dispersion of clay platelets in polymer matrix, surface treatment with a
surface active agent, surfactant, is required. This results in reduction of surface
energy, which leads to the promotion of the interaction between clay surface and the
polymer molecules. This can be viewed as the promotion of the enthalpy of mixing
in the clay’s surface treatment, surfactants such as groups of trimethyl ammonium and
octadecyl ammonium with halide ions are often used [1]. The additional factors play
a fundamental role in controlling the dispersion and wetting of a clay platelet with
polymer or monomer [5, 6].
1. type of surfactant functional group

2. degree of surfactant coverage on the clay surface

1.3 Compatibilizer

It is difficult to achieve perfectly dispersed clay particles, complete
delamination of clay platelet or exfoliation, in nanocomposites by using only
organically modified clay and matrix polymer, because exfoliation as well as
intercalation of clay particles can not be made solely by polymer and/or monomer. In
most systems, the aggregation of organoclay particles or incomplete delamination
often occurs, even if clay particle are treated with surfactant. In order to solve this
problem for the system of PE and PP-clay nanocomposites, compatibilizers such as

low molecular weight oxidized wax [7, 8], polyethylene-grafted maleic anhydride
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(PE-g-MA) [9] or polypropylene-grafted maleic anhydride (PP-g-MA) [2], are often
compounded with organoclay to promote the dispersion of the organoclay through an
increase of the polymer due to the presence of polar group in the polymeric structure.
It is believed that intercalation of organoclay platelets is initiated by both of following

factors.

1. wetting between organically modified clay particles and matrix polymer

2. use of compatibilizer to pre-disperse the organoclay

1.4 Nanocomposites formation

It was reported that the processing also has an influence on the
nanocomposites formation [10]. The exfoliation and delamination of clay particles
are enhanced by shear stress during compounding. The equipment for extrusion
process in polymer-clay nanocompsites formation is categorized into two types, single
and twin screw extruders. It is well -known that higher shear force can be exerted by
twin screw extruder which promotes the dispersion of nanocmposites [11]. Recycles
plastic also needs improvement of mechanical property, which leads to the
introduction of organoclay in order to improve its property. In some cases such as
the recycled polymer, the metallic debris may be presence and can result in
considerable damage to the screw extruders, therefore, two-roll mills are preferred.
In this study, the effect of the procession method will be investigated by comparing a
two-roll mill and twin screw extruder for the preparation of polymer-clay

nanocomposites.
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The optimization of surfactant loading into clay for synthesis of
polymer-clay nanocomposites with well-dispersed organoclay particles in the polymer
matrix was used for both investigations. The enhancement of intercalation and
delamination of clay particles, compatibilizers such as low molecular weight oxidized

wax, PE-g-MA, and PP-g-MA were applied as a co-intercalant.

1.5 Objectives of study

In order to make polymer-clay nanocomposites promising material, we
have to find the optimum condition in order to achieve desirable properties such as
high mechanical properties, high heat resistance and improved gas barrier property.
It is well-known that these properties greatly depend on degree of dispersion of
organoclay [6]. In this work, the effect of the surfatant surface coverage on the

polymer-clay nanocomposites formation will be investigated which include

1.5.1 The formation of the nanocomposites by two-roll mill

It was reported that the organoclay dispersion is influenced by extent of
surface coverage on clay platelets by surface active agents [6]. An investigation of
the organoclay surface coverage on polymer clay nanocomposites formation by two

rollers mill will be investigated.

1.5.2 The formation of the PP-clay and PE-clay nanocomposites by
twin screw extruder

The formation of the PP and PE-clay nanocomposites by using twin-screw
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extruder, with and without the compatabilizer, will be investigated.

1.6 Thesis outline

This thesis is organized as followed.

Chapter Il introduces the required low materials, theories, and
characterizations for synthesizing polymer-clay nanocomposites.

Chapter 11l mentions the adsorption mechanism of surface active agents on
clay platelets and organoclay dispersion on polymer-clay nanocomposites formation.

Chapter IV and V presents the degree of surfactant surface coverage on the
formation of polymer-clay nanocompsoites formation.

Chapter VI is the conclusions.
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CHAPTER I
RELEVANT THEORY

2.1 Clay minerals

2.1.1 Structure of clay
The clay particles commonly used in nanocomposites belong to the

structural known as the 2:1 phyllosilicates as shown in figure 2.1.

O AL Fe, Mg, La
©oH

-0
@ Li, Na, BEh, Cs

Figure 2.1  Structure of 2:1 phyllosilicates [12].

Their structure consists of two-dimensional layers of aluminosilicate where a central
octahedral sheet of alumina or magnesium sandwiched by two silica tetrahedron sheets.
The layer thickness is around 1.0 nm and the lateral dimensions of these layers may

vary from 300 A° to several microns. Aspect ratio of commonly used clay particles
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often ranges from 100 to 1000, depending on the degree of delamination. Due to
such aspect ratios, polymer clay nanocomposites with well dispersed clay platelets

exhibit excellent gas barrier property.

2.1.2 Cation exchange capacity (CEC))

Clays are 2:1 phyllosilicates in which some of the aluminum and silicon
ions have been replaced by elements with low valence. For example, aluminum (AI**
may be replaced by iron (Fe?*) or magnesium (Mg®*), leading to an unbalance or a net
negative charge on its surface as illustrated in figure2.1. This charge attracts cations
when the clay is immersed in solutions of surface active agents such as quaternary
alkylammonium salts.  Different source of 2:1 phyllosilicates clay possess the
different cation exchange capacity (CEC), which is defined as the amount of exchange
cation accommodated in their interlayer structures. The quantity of exchangeable
positively charged ions, cations, that a clay mineral or similar materials can keep on its
negatively charged surface is expressed as milliequivalent per 100g, or more
commonly as milliequivalent (meq) per 100 g of clay or cmol/kg.  The quantity

reflects the amount of organic surfactants that the clay can hold in the interlayer.

2.1.3 Organic surface active agents (surfactant)

Surface treatment of clay platelets with organic surface active agents,
surfactant, is required in order to promote the compatibility between polymer and the
clay. Surfactants reduce the surface energy on clay platelets and make them more
compatible with polymeric matrix.

Organic compounds used to prepare organoclays can be categorized into
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three types, a group of alkylammonium salts, nonionic surfactant (linear alcohol
ethoxylate with low toxicity and potential for biodegradation), and biomolecules
(protein, enzymes, and amino acids etc.) [13]. Quaternary alkylammonium salts are
often used to prepare organoclays due to its price and availability in the commercial
scale. Several kinds of quaternary alkyl ammonium salts (bromides or chlorides)
were used for modification of clay minerals. Quaternary alkyl ammonium salts ions
are preferred over the primary alkyl ammonium ions because it is free from hydrolysis
and desorption of free alkyl amine is strongly reduced. The different kind of
quaternary alkyl ammonium salt is known to influences the affinity between the clay

mineral and the polymer.

2.2 Surface coverage of clay particles

2.2.1 d-spacing

Organic cations, surfactant, incorporated into clay particles shows different
types of interlayer arrangement, depending on amount of loading, length of molecules,
and the numbers of tail groups etc. From the X-ray diffraction (XRD), the organic
chains have long been thought to lie either parallel to the silicate layer, forming mono-
or double-layers or, depending on the packing density or as a tilted layer interdigitates
where the chain is radiated away from the surface, forming mono or even bimolecular

tilted “paraffinic’ arrangement as shown in figure 2.2.
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Figure 2.2  Organic cations (surfactant) aggregation in layered silicates [14]:
(a) lateral monolayer; (b) lateral double layer; (c) paraffin-type

monolayer, and (d) paraffin-type double layer.

The d-spacing, the distance between nearby clay particles indicated by (x),
is the parameter that reflects the degree of delamination or the dispersion of individual
clay platelet. It is also varied depending upon the arrangement of the interlayer
cation. Intercalation of polymer chains into clay interlayer in the compounding
process is resulting in an increase of the d-spacing. Removing of the surfactant
molecules may result in collapse of layered structure of clay platelets. Calculation of

d-spacing is presented in the section 2.4.

2.2.2 Ad-spacing

Ad-spacing indicated by “y” in figure 2.2 is also one of the most important
parameters which is related to an arrangement of organic surfactant in the interlayer.
Net thickness of each clay platelet can be estimated at 9.5 A", so that A d-spacing can

be calculated by subtract it from the observed d-spacing.
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When the nominal length and diameter of surfactant molecules are known,
conformation of organic surfactant can be predicted. When A d-spacing is almost
equal to diameter of organic surfactant molecules, it is normally assumed that the
surfactant molecules possess a flat-lying monolayer in the interlayer. When A
d-spacing is almost equal to twice of diameter of organic surfactant molecules, it can
be assumed that the surfactant molecules keep a flat-lying double-layer in the

interlayer.

2.2.3 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is used to determine the weight loss as
a function of the temperature. This technique can be used for analysis of the organic

content in an organoclay as well as flame retardancy of polymer clay nanocomposites.

340°C

. PE

- PE/MMT

- PE/C-OMMT
- PE/D-OMMT
- PE/G-OMMT
- PE/P-OMMT

ol | N S o B < g -]

Wieght Loss (%)

204 \ &w,f

v 1 '
200 400 600
Temperature

Figure 2.3 TG curves of PE and PE/clay nanocomposites in nitrogen
atmosphere [15]. PE: high density polyethylene, MMT:
Na-montmorilonite, C, D, G, P: abbreviation of surface active

agents.
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With increasing temperature of sample at a constant rate, the weight loss
occurs because of vaporization or thermal decomposition of organic components.
This is often expressed in weight loss curves as a function of temperature as illustrated
in figure 2.3. Various thermal information such as the starting temperature for

pyrolysis and net weight of clay in organoclay can be obtained.

2.2.4 Critical surface energy (CSE) by Zisman plot
Critical surface energy (CSE) is a parameter which reflects wettability of
organically modified clay, organoclay, platelets. CSE of organoclay is calculated

according to the Zisman plot as illustrated in figure 2.4.

Intersection of extrapolated best [it line
1.2 = / with cos @ =1 (8 =107

1
0.8+
@
z 0.6
“ 044
0.2+
0 v v v v y ]
0 10 T 20 30 40 50 60
Critical Wetting Tension T

Figure 2.4  Zisman plots [16].

When the cosine of the contact angles (0) is plotted against the surface
tensions, a straight line can be obtained. This line is extrapolated to the point of 6=0,
which is where cos6=1. The full wettability surface is determined on the

intersection between the straight line and cos6=1. Therefore, as organoclays
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indicating higher CSEs, they may show higher wettability against polymer and

compatibilizers which have lower CSEs than the organoclays.

2.3 Nanocomposites formation
Depending on the nature of the component used and methods of
preparation as follows, three main types of composites may be obtained when clays

are associated with a polymer as shown in figure 2.5.

.:[:;\-k. |

— I“": f _:.":

wh VT | —
(a) O ©
Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) inanocomposite)

Figure 2.5  Scheme of different types of composites arising from the
intercalation of layered silicates and polymers [17]:
(a) phase separated microcomposite,
(b) intercalated nanocomposite, and

(c) exfoliated / delaminated nanocomposite
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When intercalation of polymer does not occur, a phase separated composite (figure
2.5(a)) is obtained, it is referred to as conventional composites. Intercalation of
polymer chains into silicate layers results in intercalated nanocomposites (figure2.5
(b)), while the clay platelets are still well ordered. A crystallographic register along
the clay thinkness dimension often preserves. When the clay platelets are completely
and uniformly dispersed in polymer matrix, an exfoliated and delaminated structure is

obtained (figure 2.5 (c)).

2.3.1 Compatibilizers

The compatibilizers such as low molecular weight paraffin wax, oxidized
paraffin wax, polypropylene-grafted maleic anhydride (PP-g-MA),
Polyethylene-grafted maleic anhydride (PE-g-MA) are used to improve the clay
dispersion [19]. There are two major reasons why compatibilizers are required to
synthesize polymer clay nanocomposites.

The first is the size factor. There is a large difference in molecular weight
between polymer and compatibilizers as shown in table 2.1. Due to larger molecular
weight of polymers, it is very difficult for clay particles and platelets to be directly
intercalated by polymer molecules. Molecules of compatibilizers can intercalate into
the galleries of clay platelets and play a role of initiation of delamination of clay
platelets.

The second is the polarity factors. The compatibilizers commonly used
such as PP-g-MA, HDPE-g-MA, and oxidized paraffin wax have polar components in
their structures. Attractive force between polar components of compatibilizers and

clay platelets of surfactants is the driving force for intercalation. A representative
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polar component is carboxylic acid or maleic anhydride group. The acid number, or
acid value, is the amount of carboxylic acid groups in a chemical compound, such as a
fatty acid, or in a mixture of compounds. Acid number reflects the polarity of
compatibilizers. Acid numbers are defined as the mass of potassium hydroxide
(KOH) in milligrams that is required to neutralize one gram of chemical substance as

shown in tablel [2, 8, 18, 19].

Table 2.1  Comparison of molecular weight between common polymers

and compatibilizers.

Polymer Mw Compatibilizers Mw Acid number
[g/mol] [g/mol] [mgKOH/g]
PP 330000 [2] PP-g-MA 9100 [2] 45 [2]

(Epolene E43)

LLDPE 50000 PP-g-MA 1010 52
[18] [19] [19]
LDPE 96000 PE-g-MA 2950 27
8] [19] [19]

2.3.2 Methods of preparation

Preparation of polymer clay nanocomposites can be categorized into four
main processes which are 1) exfoliation adsorption, 2) in-situ intercalative
polymerization, 3) melt intercalation, and 4) template synthesis. Due to a cost issue
and efficiency in synthesis, the melt processing is the most investigated. No solvent

is required, and organoclay platelets are directly compounded with polymer in molten
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state.  Sufficient compatibility between clay surface and polymer can lead to
intercalation of polymer into clay interlayer through the enthalpy of mixing. In order
to use this method, the clay particles need to be previously treated with surface active

agents as mentioned in section 2.1.3.

2.3.3 Equipment for compounding

Two-roll mill, single or twin screw extruder are common equipment for
compounding polymer clay nanocomposites. Each of them has both of advantages
and disadvantages.

Two-roll mills are preferred for compounding polymer composites made
from recycle plastics. Debris in recycle plastics can not be serious damages to the
equipment. Moreover, operations and maintenance are not difficult. It is difficult to
achieve mass production because of low throughput. Shear stress can be changed by
increasing and decreasing a gap between the two rolls, but it is difficult to obtain
parameters for quantifying shear stress.

Single and twin screw extruders are the most widely used technique for the
preparation of polymer clay nanocomposites because of high throughput. The
rotation of screws in the barrel can generates higher shear stress, which can enhance
delamination of clay particles. However, contaminations such metallic debris and
grains of sand can be serious damage to the screws in the barrel. It is difficult to
remove contaminations in order to keep the barrel clean after use. The method has
drawn an interest from the recycle plastic community as an approach in improving the

polymer property.
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2.4 Clay dispersion (X-ray diffraction technique)

X-ray diffractgram on some types of composites is illustrated in figure 2.6.
D-spacing (the distance between nearby clay particles indicated by “x” in figure 2.2)
can be calculated by Bragg’s law.

2d X'sinf=n X A 1)

where d is d-spacing (A"), 6 is diffraction peaks at 26, A is wavelength of X-ray source.
X-ray diffraction is used for characterized the d-spacing of clay platelets. The
intercalation of polymer chains leads to the shift of diffraction peak toward lower
angle values. For exfoliated structure, no more diffraction peaks are observed from

the X-ray diffractgram .
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Figure 2.6 X-ray diffractram of (a) phase separated microcomposite

(organomodified fluorohectrite in a HDPE matrix);
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(b) intercalated nanocomposite (same organomodified fluorohectrite in
PS matrix), and (c) exfoliated nanocomposite (the same

organo-modified fluorohectrite in a rubber matrix) [12]

2. 5 Mechanical properties

2.5.1 Tensile strength / strain measurement

Tensile strength is determined by dividing the highest load experienced by
the specimen before rupture by the original cross section of the test specimen as shown
in the equation (2). The average of five rectangular or dumb-bell shaped specimens
at a constant cross-head speed is taken as the value for each compound. As
illustrated in figure 2.7, polymer clay nanocomposites with higher loading of
well-dispersed clay platelets leads to higher tensile strength.

o =F/A )

, Where o, F(u), and A represent tensile strength, ultimate tensile force, and the original

cross section of the test specimen.
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Figure 2.7  Effect of clay loading on tensile strength of PP-clay

Nanocomposite [20].

2.5.2 Strain measurement

The relative deformation for materials is defined by strain such as
engineering strain, strain ratio, normal strain, or shear strain. Engineering strain is the
most common definition applied to polymer clay nanocomposites. This could be
applied by elongation and original length of materials.

Engineering strain, so called strain, of materials is expressed as the ratio of
total deformation to the original length, or gage length, of specimen along the
direction where the forces are being applied. Strain is a dimensionless quality, which
can be expressed as a decimal fraction, a percentage or in parts-per notation.as shown
in the equation (3)

e = AL/Lo=(L—Lo)/Lo 3
where e is the strain, AL is total deformation, L is the length of material under being

loaded, and Lo is the original length, so called gage length.
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2. 6 Differential scanning calorimetry (DSC)

DSC is a very useful technique for investigating thermal properties,
melting and crystallization temperature, of polymer clay nanocomposites.

Melting temperature can be determined by the temperature at a minimum
heat flow in heating process at a constant rate. Figure 2.8 shows DSC curves of PE
clay nanocomposites for various clay contents in heating process. Temperatures at
minimum heat flow indicate melting temperatures. In figure 2.7, it is found that
melting temperature gradually increases with increasing clay content.

Crystallization temperature is determined by the temperature at maximum
heat flow in cooling process at a constant rate. Typical DSC curves on cooling
process are illustrated on figure 2.9.  Polymer clay nanocomposites with
higher-dispersed clay platelets show higher crystallization temperature due to the
presence of the spherulite, a spherical semi-carstalline regions inside non-branched
lineaer polymers. In formation of the spherulites, clay particles can play a role of

nucleation.

Heat Flow

—
S S—
BEaNg

&0 80 100 120 140 160 180 200

Temperature (°C)

Figure 2.8  DSC curves of PE/clay nanocomposites for various contents [19].
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DSC curves of crystallization on PP-clay nanocomposites [21].

2. 7 Gas barrier properties

One of essential properties of polymer clay nanocomposites is a gas barrier

property.

It shows a very promising application in the field of food packaging.

Polymer clay nanocomposites are suitable for manufacturing packaging films, because

of their nanodispersed structure as compared to conventional composites as shown in

figure 2.10. Clay platelets dispersed in polymer clay nanocomposites act as an

obstacle for permeation of gas molecules and atoms. Moreover, in general the higher

clay loading is in nanocomposites, the lower permeability of gas molecules as shown

in figure 2.11.
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A

Figure 2.10  Tortuous diffusion path of conventional composites (A) [22] and

polymer clay nanocomposites (B) [23].
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Figure 2.11 Gas permeability of the nanocomposites for various clay contents [19].
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2.8 Electron microscopy

2. 8. 1 Scanning electron microscopy (SEM)

SEM is one of the most reliable procedures for observation of the
dispersion of clay particles in matrix polymers in a micrometer scale. Therefore, the
dispersion of clay aggregations in polymer matrix can be observed as shown figure
2.12. ltis necessary to chemically treat the surface of specimens before being coated

with conductive metals.

Figure 2.12  SEM micrograph of PP clay nanocomposites [2].

2. 8. 2 Transmission electron microscopy (TEM)

TEM is normally used for observation of the dispersion of clay platelets in
matrix polymers in a ranging from a submicron to nanometer scale. The dispersion
of individual clay platelet in polymer matrix can be observed as shown in figure 2.13.
One of the difficulties for the TEM technique is the fact that the samples have to be cut,

microtomed, into less thin section with less than 100nm in the thickness.
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Figure 2.13  TEM micrograph of PHDE clay nanocomposites [1].
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CHAPTER Il
HIGH-DENSITY POLYETHYLENE (HDPE)-CLAY
NANOCOMPOSITESFORMATION
BY TWO-ROLL MILL

3.1. Introduction

Polymer-clay nanocomposite is an emerging class of advanced engineering
materials. Several key properties, such as strength and permeation, can be improved
by adding a small amount of clay into the polymeric matrix [24, 25]. The properties
of polymer-clay nanocomposites depend on the degree of clay dispersion or on the
extent of delamination of the individual clay layers in the polymeric matrix [26]. The
clay layer is hydrophilic in nature and can be converted to organoclay to promote the
wetting of the polymer molecule onto the clay surface [27, 28]. By properly
controlling the surface properties of the organoclay, various degrees of organoclay
dispersion can be achieved includes: (a) conventional composites, (b) intercalated
nanocomposites, (c) intercalated-exfoliated nanocomposites and (d) exfoliated
nanocomposites [28]. The clay’s surface properties can be modified in various ways.
One can use clay with a different layer charge density, control the surfactant surface
coverage or vary the type of intercalated surfactant [29-31].

The main objective of this work was to find the proper surface treatment
condition for the 2:1 layer type aluminosilicate or bentonite from the Lopburi province

in Thailand in order to optimize the organoclay dispersibility in high density
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polyethylene (HDPE). Because the source of the clay was fixed, the organoclay
surface property was controlled varying the amount of the adsorbed surfactant. The
organoclay with different degrees of surface polarity were produced and quantified in
terms of surface energy. The relationship between the organoclay dispersion in the
polymer-clay nanocomposites and its surface energy was investigated to gain a better
understanding of the interaction between the polymer and organoclay. A higher
degree of organoclay dispersion was achieved through the use of co-intercalants, such
as PP-maleic anhydride and olefin wax, which act as the predispersing agent for the
organoclay [32-34]. Organoclay was mixed with the co-intercalants prior to the
mixing with the polymeric matrix by the twin screw extruder prior to the let down
process. The degree of organoclay dispersion was higher when two-step mixing was
utilized [34].

The incorporation of organoclay into polymeric material for large-scale
production is often carried out by either in situ intercalative polymerization, where the
organoclay is dispersed in a monomer which is subsequently polymerized, or by melt
intercalation, where the organoclay is melt-mixed with the polymer [35]. The
processing of the commodity polymer is often carried out by the melt mixing process.
In recycled plastic, impurities such as metallic debris result in considerable damage to
the screws in the extruders; a two-roll mill is sometimes preferred for the preparation
of clay nanocomposites. Organoclay can improve the mechanical properties of
recycled plastic; having an effective way for dispersing the organoclay is thus in great
need. In this study, we investigated the adsorption mechanism of octadecyltrimethyl
ammonium chloride (S18) onto the organoclay and the properties of the resulting

polymer-clay nanocomposites. We compared the results from using a low molecular
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weight oxidized polyethylene wax as a dispersing agent, with that from using

co-intercalants as the dispersing agent.

3.2. Experimental procedure

3.2.1 Materials

Na-clay was provided by Thai Nippon Chemical in Thailand. It is a
bentonite clay from the Lopburi province in Thailand, with a cation exchange capacity
of 0.98 meqg/ g of clay (provided by the supplier). Octadecyl trimethyl ammonium
chloride (S18), produced by Akzo Noble Surface Chemistry in the USA, was supplied
by Thai Specialty Chemical Co. Ltd in Thailand. S18 is a mixture of long chain alkyl
ammonium consisting of 64% C18, 31% C16 and 4% C14. It was used without any
further purification.

The solvents used for contact angle measurement were distilled water (W,
surface tension: 72.8 mN m™), glycerol (G, 63.4 mN m*, VWR International Ltd),
diiodomethane (D, 50.8 mN m, Merck Schuchardt OHG), and benzyl alcohol (B, 39

mN m™, Ajax Finechem).

3.2.2 Organoclay preparation

Purified clay mineral (1.0 g) was dispersed in 50 ml of distilled water. In
separate beakers, solutions of 0.25, 0.50, 0.75, 1.0, 1.5, 2.0 and 2.5 mmol tallow
alkylammonium ion, with octadecyl trimethyl ammonium chloride (S18) as a major

component, were prepared in 50 ml of distilled water. Both the clay and the
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alkylammonium solution, at a total volume of 100 ml, were heated to 70 °C for 30
minutes.  The solution of alkylammonium was slowly poured into the clay
suspension under rigorous stirring. The total concentration of the S18 will be stated
as 2.5, 5.0, 7.5, 10.0, 15.0, 20.0 or 25.0 milli-molar (mM) per 10 g of clay while the
organoclay will be referred to by the concentration of the S18 loading, for example,
2.5 mM. The mixture was stirred rigorously for an hour after which it stood,
unstirred, overnight. The supernatant was carefully discarded. The precipitate was
separated by filtration. The organoclay precipitate was washed, successively, with
three 100-ml portions of warm deionized water. The sample was dried at 110 °C,
ground with a mortar, and passed through a sieve mesh No. 200. The sample S18

organoclay was kept for further characterization.

3.2.3 X-ray diffraction (XRD)

The X-ray diffractometer, Bruker model D8 ADVANCE with CuKa
radiation (1.5406 A), is used in this study. The voltage and the current of X-ray
tubes were 40 kV and 30 mA, respectively. The measurement was done by step
scanning with a step size of 0.05 degree 2 theta and integration time of 5 seconds.
The measurement of the pre-dispersed organoclay and nanocomposites was scanned in
a range from 1.5 to 10.0" with the same conditions as those for organoclay. The

interlayer of distance was determined by the diffraction peak.

3.2.4 Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis was obtained using a Netzsch STA 409 C.

The measurement was determined at a temperature range of 25-1000 °C under N;
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atmosphere. The heating rate was 10 °C/min. An alumina crucible was used as a

reference material.

3.2.5 Contact angle measurement

Contact angle measurement of sessile drops on organoclay tablets was
conducted in order to quantify its degree of hydrophobicity. The sample was made
from 1.0 g of organoclay hydraulic-pressed into tablets of 1.5 cm diameter and
thickness around 5.0 mm. The volume of each drop was 5.0 microliters. Average

value of ten droplets at each solvent on each sample was adopted as contact angle.

3.2.6 Surface energy
The calculation of the surface energy was performed using Owedt’s

method [35, 36]. The solvents possess different dispersive and polar components.

y W+cos8)=2y(y¢rd)+ 242 17) (1)

Vs =Vs T78 )
In the equations (1) and (2), 5, 7< and y& represent the surface energy

of the substrate and the dispersive and polar components of the solvent, respectively
[36]. The values for both the polar and dispersive components of the solvent are

reported in Table 3.1. The surface energy was obtained by plotting
[(7L(1+cose))/2\/EJ against (;/E/;/f), which yielded a linear relationship. The

dispersive component, ¢, was obtained from the y-intercept and the polar



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Materials Science and Engineering) / 29

component, y{ from the slope. The sum of the dispersive and polar components

gave the surface energy.

Table 3.1 Dispersive components (y°), polar components (y".), and surface tension

of solvents.
'YdL 'YpL YL
Solvents (MN m™) (MmN m™) (MN m)
DIl-water 21.8 51.0 72.8
Glycerol 33.9 29.8 63.7
Di-iodomethane 49.5 1.3 50.8
Benzyl alcohol 30.3 8.7 39.0

3.2.7 Critical surface energy (CSE)
The critical surface energy (CSE) of organoclay was calculated using the

Zisman plot [37]. The following equation was used for determining the CSE.

cosO =1-b(y, —r.) 3

A CSE on the organoclay surface is defined as the surface tension of the reference
liquid that fully wets the surface when y, =y.. If the experimental plots of the
reference liquids fall on a straight line, the surface wettability is determined from the
intersection of the straight line and cos® =1. The same contact angle data was used
to generate a Zisman’s plot for our organoclay sample to calculate its CSE. A pure
solvent was used rather than one of mixed solutions due to a possible contamination
from specific and selective adsorption of the components constituting the solution

[38].
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3.2.8 High-density polyethylene (HDPE)-clay nanocomposite
preparation using a two-roll mill

Organoclays with different degrees of surface coverage were used to make
various polymer-clay nanocomposites. Oxidized polyethylene wax (OWax) with an
acid number of 25mg KOH/g (available under the product name EO-42, will be
referred to here as OWax) was obtained from Q-compound Co., Ltd in Nonthaburi,
Thailand. The low molecular weight polyethylene wax (Wax) was used for
comparison. High-density polyethylene (HDPE), from Thai-Zex (7000 F), was used
as the matrix. S18 organoclay (10 g) was pre-dispersed in 20 g of OWax by melting
in a silicone oil bath at 120 °C with a homogenizer (IKA, Germany). The
pre-dispersed organoclay was ground to around 5 mm in size before mixing with the
polymer matrix. The time during which OWax and organoclay were compounding
was kept under 10 minutes in order to avoid chemical degradation. The interlayer
spacing of organoclay was studied by X-ray diffraction.

The pre-dispersed S18 organoclay (4.5 g) was mixed with 30g of HDPE by
a two-roll mill (En Mach Co Ltd., Bangkok, Thailand) at 140 °C. As a reference, 30g
of HDPE was directly compounded with 1.5g of S18-unloaded clay at 140 °C. The
rotating speed was kept constant during the processing. Nanocomposites were

compressed into a sheet that was 1.0 mm thick and characterized.

3.2.9 Tensile test
Tensile test was conducted using Tensometer 10, Monsanto Instruments &

Equipment, USA) following ASTM D638. Each compressed sample was die-cut into
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type-4 specimens. Five specimens per sample were taken to obtain the reported data.

Crosshead speed of 500 mm/min was applied.

3.2.10 Transmission electron microscopy (TEM)
The microscopic investigation of the clay microstructure was performed
using JEOL 2010 TEM at an acceleration voltage of 200 kV. All the samples were

cut by ultramicrotome with a diamond knife.  The thickness was set at 100 nm.

3.2.11 Scanning electron microscopy (SEM)

The micrometer scale distribution of the nanocomposites was investigated
with a scanning electron microscope (SEM, Hitachi SEM S-2500) with an operating
voltage of 15 kV. Fractured surface was prepared by breaking a notched specimen in
liquid nitrogen. The specimens were etched by solution of 0.7 wt% KMnO, in a 2:1
mixture of H,SO4 and 85% H3PO, for 30 min. The sample was exposed to 30% H,0,

aqueous solution and distilled water, and then dried in a nitrogen stream.

3.3 Results and discussion

3.3.1 Organoclay preparation

The clay used in this study had a cation exchange capacity of 0.98 meq/g.
The S18 organoclay exhibited a weight loss below 100 °C due to the evaporation of
free water absorbed on the external surface of the clay [31]. The amount of water
varied inversely with the S18 surface coverage. The organoclay with the lowest

surface coverage (2.5 mM S18 loading) had the highest amount of free water. As the
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surface coverage of S18 increased, the amount of free water absorbed leveled off due
to the organoclay surface becoming more organophillic. The amount of free water
released was subtracted from the total weight obtained from TGA. The remaining
weight of the clay and intercalated S18 was normalized to 100%. The percentages of

intercalated S18 and of clay are listed in columns 2 and 3 in Table 3.2.

Table 3.2 Calculated weight loss, total area occupied, and spacing for S18.

1 2 3 4 5 6 7
S18 Percent Percent S18in | S18ininter- Ad- d-
loading weight loss of clay inter- layer per sorption spacing
(mM/10g | S18 obtained content layer gram of efficiency (A%

of clay) from TGA (%) (mmol) | clay (mmol) (%)
(%)
2.5 51 94.9 19.6 0.21 82.6 13.58
5.0 9.9 90.1 38.1 0.42 84.6 13.96
10.0 15.0 85 57.7 0.68 67.9 15.42
15.0 19.7 80.3 75.8 0.94 62.9 19.42
20.0 23.2 76.8 89.2 1.16 58.1 20.17
25.0 255 74.5 98.1 1.32 52.7 20.17
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Table 3.2 Calculated weight loss, total area occupied, and spacing for S18 (cont.).

1 8 9 10 11 12 13
S18 Ad- Estimat- Total Area Area Predicted
loading spacing ed available | occupied | occupied length of
(mM/10g (A% number area of per S18 per the S18
of clay) of the molecule | molecule | molecule on
the S18 bentonite (A% per one the surface
02
N (A™) sheet of L
(molecules) clay (A%
(A%)
25 4.08 1.18x10% 6.64 x10* | 562.6 281.3 62.5
5.0 4.46 2.29 x10% 6.30 x10* | 275.1 137.6 30.6
10.0 5.92 3.47 x10% 5.95 x10% 171.3 85.7 19.0
15.0 9.92 4.56 x10% 5.62 x10% 123.2 61.6 13.7
20.0 10.67 5.37 x10% 5.38 x10** | 100.1 50.0 11.1
25.0 10.67 5.90 x10% 5.22 x10% 88.3 44.2 9.8

Hydrated water, found in the clay interlayers, is strongly associated with
the exchangeable sodium ion. It evolved between 100 °C and 300 °C and was very
difficult to identify due to an overlapping of its peak with the loss of surfactant.

The adsorption of S18 onto the bentonite interlayer can be divided into
three states depending on the coverage of the interlayer surfactant: an initial state

where there is monolayer formation, an intermediate state of double layer formation,
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and a final state where there is double layer formation. Each state was characterized
by documenting changes in the interlayer spacing, its characteristic weight loss profile,

and its surface energy and nanocomposite formation.

3.3.2 The first state (monolayer formation)

In this state, a flat-lying monolayer of S18 molecules forms on the clay
surface. The amount of intercalated S18 was calculated from the weight loss
observed from TGA between 150 and 500 °C (columns 2 and 3, Table 3.2). The
weight loss at temperatures below 150°C originated from evaporation of free water or
of physisorbed water, which exists between clay particles and is adsorbed on the
external surface of the clay [29, 31]. Physisorbed water was not considered in the
calculation; therefore, just the free water was subtracted from the total weight loss to
give the weight of intercalated S18. The weight loss temperatures higher than 500 °C
originated from the dehydroxylation of aluminosilicate and the release of residual
organic carboneous residue product; these processes also were not considered in the
calculation [29, 39]. Around 300 °C water tightly bound to the interlayer evaporates.
This was difficult to identify [29] due to an overlapping of the peaks and may have
caused an error of less than 1% in the interpretation of the total weight loss.

At the loading at 2.5 mM, the dgo; was 13.6 A. The weight of the
intercalated surfactant and clay, after subtracting the amount of free water, was 5.1 %
from the decomposition of the S18 molecules, (column 2, Table 3.2) and 94.9 % from
the clay, (column 3, Table 3.2). The weight loss from S18 was equal to the amount of
intercalated S18. This amount was converted into milli-molar (mmol) by dividing the

average molecular weight of S18 at 260 g/mol (column 4 Table 3.2) and normalizing



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Materials Science and Engineering) / 35

to the loss in mmol per 1 g of clay (column 5, Table 3.2). We estimated the amount
of intercalated S18 to be 19.6 mmol or 0.21 mmol/ g of clay, below the cation
exchange capacity of 0.98 meq/ g of clay. The chloride counter anion of the S18 was
not accounted in the calculation because S18 underwent cation exchange reaction,
releasing its counter anion to the solution. The adsorption efficiency (in percent),
(column 6, Table 3.2) was obtained by taking the ratio of the intercalated S18 / 1 gram
of clay and the amount of S18 loading in mmol/g of clay and multiplying it by 100.
The adsorption efficiency was used to properly load S18 in the reactor.

The change in d-spacing (figure 3.1, column 7 Table 3.2) was obtained by
subtracting the thickness of the bentonite, 9.5 A, from the observed doy spacing
(column 8 Table 3.2). The Ad-spacing of the S18 molecules was estimated to be 4.1
A, which is about the cross-section of one S18 molecule [29, 40]. This suggests that

there is a flat layer of S18 molecules on the bentonite surface [41].
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Figure 3.1 The plot of d-spacing of organoclay at different S18 loadinngs.
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The arrangement of S18 in the interlayer was obtained from the total
amount of weight loss from TGA, under the assumption that the S18 in the interlayer
undergoes a cation exchange reaction [42]. The intercalate S18 was washed
thoroughly to insure that only exchanged S18 molecules were present in the bentonite.

The arrangement of S18 on the clay surface was deduced from the area occupied per

molecule in the interlayer. N represents the total number of S18 molecules in the

interlayer calculated from the cation-exchanged intercalated S18, i.e. with the counter
anions for the interlayer S18 molecules on the bentonite surface and no chloride
counter anions. However, at high surfactant loading or higher surface coverage,
physisorption can occur, causing chloride ions to be present. The total number of
S18 molecules in the interlayer (column 9, Table 3.2) was obtained by multiplying
Avogadro’s number with the amount of intercalate S18 in mmol (column 4 Table 3.2),
i.e. 19.6 mmol for 0.25 mM loading. The total surface area, excluding the edge
contribution, of clay was about 700 m? /gram of clay [43], which with 94.9 g of total
clay, gave a total area of 6.64x10** A® (column 10 Table 3.2). Factoring in the
total number of S18 molecules in the interlayer calculated above, the total area
occupied by S18 was estimated to be 562.6 A%/molecule for the layer covering the
clay surface. Dividing this number by 2 yielded the area occupied per plate of clay,
or 281.3 A%/molecule per plate of the clay surface (column 11 Table 3.2). To get the
length £ of S18 on the surface, the area occupied per plate of the clay calculated
above (281.3 A%/molecule) was then divided by the width of S18 (4.5 A°).

L = (calculated area occupied per 1 plate of the clay)/ 4.5 A

The calculated length £ was compared to the actual length of the S18

molecule, which is 21.0 A°. If £ was larger than the actual length, then there was
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enough area on the surface for S18 to pack as a monolayer. If £ was less than the
actual length, then there was not enough area for S18 to be packed as a monolayer and
the formation of S18 would be in an intermediate state of double layer formation or in
double layer formation. Our calculated arrangement of S18 was consistent with the
observed result for 2.5 mM loading where the interlayer spacing was 4.5 A.  The S18
molecule was most likely anchored to the available negative site on the bentonite
surface due to strong ionic interactions between the S18 head group and the
charge-deficient site on the clay surface. This is different from monolayer formation
at the gas-water interface where the surfactant molecule is often packed as an island
[44].

The total weight loss increased to 9.9 % and the Ad-spacing to 4.46 A at
5.0 mM loading. The XRD peak at 5.0 mM loading was better defined and the
arrangement of S18 in the interlayer was more uniform than at 2.5 mM loading. The
calculated amount of intercalated S18 was 0.42 mmol/ g of clay, corresponding to 84.6
% adsorption efficiency. The calculated £ is at 30.6 A, longer than the actual length
of S18 at 21.0 A. Thus, at 5.0 mM loading, we predict a flat-lying monolayer
formation. This was consistent with the observed XRD results. A derivative of the
weight loss peak, DTG, for 2.5 mM S18 loading showed a peak at 400 °C. The 5.0
mM showed a similar peak but with a higher weight loss, suggesting that the
interlayers for 2.5 mM and 5.0 mM loading have similar environments. At 5.0 mM
loading, the amount of intercalated S18 was well within the bentonite’s capacity to

hold the cation.

3.3.3 The second state (intermediate state of double layer formation)
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In this state, the interlayer packing is transitioned from a monolayer to a
double layer. At a surfactant loading of 10.0 mM, the observed Ad-spacing increased
to 5.92 A and the weight loss to 15.0 %, or 0.68 mmol/g of clay. These values are in
between the values for the monolayer and double layer formation states, suggesting
that the S18 molecules are arranged in an intermediate state of double layer formation.
The adsorption efficiency was 67.9 % lower than the valued obtained in the monolayer
state. This decrease in adsorption efficiency may be related to a change in the
adsorption mechanism and the arrangement of the intercalated S18. A change in the
DTG peak around 300 °C is most likely associated with the change in S18
arrangement in the interlayer as well. The calculated £ is 19.0 A which is slightly
shorter than the actual length of the S18 molecules, but comparable to the length of

S18 molecules arranged in an intermediate state of double layer formation.

3.3.4 The third state (double layer formation with excess surfactant)

In this state, the adsorbed S18 molecules are arranged in a flat-lying double
layer. The total amount of intercalated S18 was almost equal to the cation exchange
capacity. As the loading increased to 15.0 mM, the Ad-spacing increased to 9.9 A
and the amount of adsorbed alkylammonium to 0.94 mmol/ g of clay. The adsorption
efficiency was 62.9%. The DTG peak at 300 °C was clearer and there was a new
peak at 250 °C (Figure 3.2). This suggested that this phase of packing was the least
stable. The weight loss mechanism for the different state of material differed
depending upon the packing of the surfactant molecule within the clay layer and the
interaction between surfactant and clay [30]. At this concentration, some S18

molecules arranged themselves into flat-lying double layers (model c, Figure 3.3)
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while others remained as a flat-lying monolayer on top of the clay surface. It should
be noted that the total amount of S18 in the interlayer at 0.94 mmol/g of clay was
comparable to the clay’s cation exchange capacity at 0.90 meq/g of clay. The L was
calculated to be 13.7 A, more than half the theoretical length of S18 (21.0 A),
confirming that the S18 molecules have completely formed a flat-lying double layer.

This result was also consistent with the observed Ad-spacing from the XRD data.
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Figure 3.2 The plot of DTG of S18 organoclay at different loadings.
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Figure 3.3 The possible arrangement of S18 in the interlayer.
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The Ad-spacing remained at 10.7 A for both 20.0 mM and 25.0 mM
loading. The total weight loss, however, increased from 1.16 mmol/g of clay to 1.32
mmol/g of clay with adsorption efficiencies of 58.1 % and 52.7 %, respectively. At
these loading concentrations, the amount of intercalated S18 exceeded the cation
exchange capacity of the clay. Some of the intercalated S18 may have physisorbed
in the interlayer and hence, did not undergo cation exchange. The L values were
11.1 and 9.8 A, respectively, for the two loading concentrations, roughly half the
theoretical length of S18 (21.0 A). This suggested that the intercalated S18 had, more
or less, a uniform distribution in the interlayer. The DTG peak at 250 °C was even
more prominent, supporting the idea that a new arrangement of interlayer packing had
developed.

It has been shown that the mechanism behind the S18 adsorption process
can be altered if a different type of clay or a different surfactant were used [24, 25], or
if a supramolecular structure [45] formed. Unfortunately, we could not load S18 at a

concentration higher than 25.0 mM due to the limited solubility of the S18 molecules.

3.3.5 Contact angle measurement and critical surface energy (CSE)

Contact angles from distilled water (W), di-iodomethane (1), and glycerol
(G) were measured and the surface energy (SE, ys) of the organoclay was calculated
using Owedt’s method [35, 36]. The surface energy of the organoclay is reported in
Table 3.3 as three separate values: the dispersive component, polar component and
surface energy. As expected, the surface energy decreased when both the dispersive
and polar components decreased. This occurred as the amount of S18 coverage

increased, resulting in the presence of a larger proportion of hydrocarbon coverage on
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the bentonite instead of the polar group being directly exposed on the clay surface.
The surface energy of the bentonite could not be obtained due to the complete
adsorption of the water by the clay. The value of the surface energy was consistent
with the three states of adsorption mentioned earlier. The first and second states

were characterized by surface tension values higher than 33.1 mN m™. The values

dropped to around 31.0 mN m™ once the double layer was formed.

Table 3.3 Dispersive component, polar component, overall surface energy (ys ),
ratio between the polar to dispersive component and the critical surface
tension of S18 organoclay derived from water, glycerol and diiomethane.

(mM/ Dispersive Polar Total Critical | Number of
10g of | component component | surface | Ratio | surface solvents
clay) (mN m™) (MmN m™) energy | P/D tension
(MmN m™) (MN m™)

2.5 25.6 20.4 46.0 0.79 29.3 4

5.0 24.2 16.5 40.7 0.68 25.7 4

7.5 24.6 141 38.7 0.57 26.5 4

10.0 24.4 8.7 33.1 0.36 20.9 3

15.0 19.7 11.9 31.6 0.61 13.8 4
20.0 22.1 14.8 36.9 0.67 3

Another interesting term was the ratio of the polar to dispersive
components. This value indicates the contribution from van der Waals interactions and
other polar interactions. It was shown [36] that a low ratio of 0.01 to 0.05, is

preferred in order to promote the mixing of organoclay with polypropylene and
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polyethylene. The values obtained in this study, however, were in the range of 0.5 to
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Figure 3.4 Zisman plots of S18-loaded and unloaded clay.

Zisman’s plots of the S18-loaded clays and the correlation coefficients from
each plot are shown in Figure 3.4. The critical surface energies (CSE) of the S18
loaded clays are listed in Table 3.3. The CSE of each S18 loaded clay was
determined by calculating vy, at the intersection of the plot and cos6 =1. The CSE of
organoclay decreased as S18 surface coverage increased on the clay. The observed
CSE values were divided into three ranges, which were consistent with the three states
of adsorption. The observed CSE values that corresponded with the first state at S18
concentrations of 2.5, 5.0 and 7.5 mM were 29.3, 25.7 and 26.5 mN m™, respectively.

The CSE of the intermediate state of double layer formation, the second state, was
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20.9 mN m™. It dropped further to 13.8 mN-m™ for the third state, when the double

layer completely formed.

3.3.6 Pre-dispersed organoclay

In this section, we report the results from our experiments on the formation
of nanocomposites using high-density polyethylene (HDPE). The use of the
co-intercalant polyethylene-co-maleic acid, has been shown to improve the dispersion
of the organoclay in HDPE-clay nanocomposites [34]. However, a different
co-intercalant, based on oxidized polyethylene wax (OWax), was used in this study.
We used OWax in two ways: one involving direct mixing and the other involving low
molecular weight non-polar dispersant, Wax. The intercalation of the OWax
dispersing agent into the organoclay with different surface coverages was shown in
figure 3.5. It was found that the organoclay surface coverage plays an important role
in the intercalation of OWax. The first state of the surfactant at 2.5, 5.0 and 7.5 mM
of the loading, occurring at low surface coverage, showed no evidence of intercalation
of the OWax into the interlayer. The surface coverage did not provide enough
organophilicity to promote the wetting of melted OWax on the organoclay surface.
The peak at 19.7 A° represented the d-spacing of the non-dispersed organoclay.
Predicting the complete wetting of the polyethylene and polypropylene on the
organoclay [36] depends on two parameters: (a) how well matched the surface energy
of the organoclay is with the surface tension of the polymer and (b) the ratio of the
polar component to the dispersive component in the low value range of 0.20. The
surface tension of the OWax could not be obtained; the value of its surface energy at

36.0 mN m™ was used [46]. There was a mismatch between the organoclay’s surface
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energy and the Owax’s surface tension; dispersion was thus not favored at low surface

coverage for the organoclay in OWax.
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Figure 3.5 The dispersion of organoclay at various S18 loading in OWax by melt
mixing.

Once the amount of S18 loading increased to 10.0 mM, the organoclay was
in the second state, or the intermediate state, where both the monolayer and double
layer S18 were formed on the clay surface. The peak of the organoclay in OWax
started to change due to the intercalation of the OWax into the double layer S18 on the
organoclay surface. This intercalation of the dispersant was believed to be packed in
between the S18 molecules and caused the S18 molecules to form a tilted packing.

As the S18 loading increased to 15.0 mM, the S18 molecules had complete
surface coverage on the clay surface. The observed XRD indicated that the OWax

intercalated into the organoclay; the peaks at 42.3 A and 20.6 A correspond to the dgo;



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Materials Science and Engineering) / 45

and dooz of the intercalated organoclay. It should be noted that the surface tension of
the polyethylene, around 31.0 mN m™, was used [46]. The OWax could not wet the
organoclay during the first state of formation because of an excess contribution from
the polar portion of the clay [36]. This was the case for second state, but only in the
region that had bilayer coverage. The surface energy of the organoclay that is in the
third state matched very well with the surface tension of the OWax and the
intercalate-exfoliate of the organoclay was observed [47].

Preparing organoclay at surfactant loading higher than 15.0 mM was not
practical because the intercalation exceeded the optimum condition and too much S18
would have been lost during the intercalation process. In summary, we found that
controlling the surface properties of the organoclay through the amount of surfactant
molecules adsorbed was not effective towards preparing polymer clay nanocomposites.
At low surfactant loading, too much of the area within the clay was left uncovered,
disfavoring the wetting by the hydrophobic polymer. Controlling the surface
properties of the organoclay through the functional group of the surfactant molecule

was more suitable.

3.3.7 Nanocomposite Formation
The organoclay with OWax (Figure 3.6) was mixed with HDPE to form

polymer-clay nanocomposites.
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Figure 3.6 X-ray diffractgram of nanocomposites with OWax.

The 15.0mM organoclay (hereby known as 15mM) was directly compounded with
HDPE to give 15mM/HDPE. The 15mM/HDPE showed diffraction peaks at 49.4 A,
30.6 A, 19.3 A and 13.5 A; the peaks at 49.4 A and 30.6 A were shoulders and not as
strong as the other two. The peak at 19.7 A represents the d-spacing of the 15.0mM
organoclay. Its presence meant that the HDPE did not intercalate into the organoclay
interlayer. A partial intercalation was observed, as evidenced by the large d-spacing.
A similar result was observed when the 15.0mM organoclay was mixed with Wax

(Figure 3.7).
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Figure 3.7 X-ray diffractgram of nanocomposites with Wax.

A clear intercalation without any trace of the organoclay peak was observed in the case
of OWax. This implied that the intercalation of the HDPE into the organoclay layer
was promoted by the OWax. The 15mM/OWax/HDPE compound showed three
diffraction peaks at 43.74 A, 19.25 A and 13.73 A and were assigned dgoz, dooz and dogs,
respectively. Its X-ray patterns suggested that the formation of the nanocomposites
was influenced by the presence of OWax. OWax was more effective at dispersing the
organoclay. The -OH functional group in OWax may play a role in enhancing the
interaction between the OWax molecules and the organoclay surface, leading to better
intercalation. The observed TEM and SEM images were in good agreement with the
XRD data, all showing that greater dispersion was achieved when the OWax was used.

However, we detected a submicrometer size agglomerate originating from the primary
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particle of the organoclay (Figure 3.9). The size of this agglomerate was less than a
micrometer for the case of OWax, but for 15mM/Wax, a large non-dispersed 15.0mM

organoclay was observed (Figure 3.8(b)).

(@) (b)

Figure 3.8 SEM image of fracture surface after chemical etching.

(a) 15mM/OWax/HDPE represents a dispersion of the organoclay and

(b) 15mM/Wax/HDPE represents the agglomerate of the organoclay

This latter agglomerate was a few micrometers and we observed the organoclay
stacked with a smaller size of the primary particle. This was in good agreement with
the peak at 19.3 A of the 15.0mM organoclay and thus, further supports that the OWax
promoted the delamination process of the organoclay. The TEM images showed the
size of the primary particle to be around a few hundred nanometers. To further
improve the dispersion of the organoclay in the OWax, a more efficient dispersing
agent is needed. The 15mM/Wax was intentionally loaded into the low molecular

weight polyethylene wax, where the organoclay was not dispersed and the SEM image
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was taken to show the non-dispersed organoclay, as seen in the XRD in Figure 3.7.
The large organoclay agglomerate was present in the sample, compared to the smaller

particle present when OWax and HDPE were used.

(a) (b)
Figure 3.9 TEM image 15mM/OWax/HDPE shows the presence of the primary

particle at (a) medium and (b) high magnification. The stack of the

organoclay can be clearly seen at the high magnification.

Tensile testing of dumbbell-shaped specimens (type-4) was carried out at
an elongation rate of 500 mm/min. The ultimate strengths and fractured strengths are
listed in Table 3.4. The ultimate strength of pure HDPE was 33.56+/-2.01 MPa.
When pure HDPE was mixed with OWax (OWax/HDPE), the ultimate strength
slightly decreased to 30.99+/-1.16 MPa. The same result was reported in [45], where
the reduction in the mechanical property was observed in the presence of OWax.
This implies that the presence of 10% of a low molecular co-intercalant such as OWax,

softens HDPE and impairs the ultimate strength.
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Table 3.4 Mechanical properties (tensile test)

HDPE Wax 15mM/ OWax 15mM/ 15mM/

/HDPE Wax/ /HDPE | OWax/ HDPE

HDPE HDPE

Ultimate 33.56 31.28 41.47 30.99 42.84 41.45

strength
+/-2.01 | +/-162 | +/-3.03 | +/-1.16 | +/-2.14 | +/-7.45
(MPa)
Fracture 31.41 25.57 38.52 27.1 38.74 40.50
strength
+/-2.01 | +4/-9.63 | +/-235 | 4/-6.76 | +/-1.81 | +/-7.02
(MPa)

On the other hand, compounding HDPE with pre-dispersed 15.0mM/Owax,
increased the ultimate strength of the composites to 42.48+/-2.141MP.  This indicates
that 15.0mM clay particles improve the ultimate strength of the HDPE-clay
composites. The OWax used in this study is polar, and has a higher acid number,
allowing it to promote interaction between the polymer and the organoclay.

The directly compounded 15.0mM loaded clay with HDPE (15mM/HDPE),
had an ultimate strength of 41.45+/-7.45 MPa. These results were unexpected and
may be due to the fact that the surface energy of the 15.0mM at 31.6 mN m™ was too
closely matched with the surface tension of HDPE at 31.0 mN m™.

The fracture strength of pure HDPE was 31.41+/-2.01 MPa. By directly
mixing pure HDPE with OWax (OWax/HDPE), the fracture strength decreased to

27.1+/-6.76 MPa. Adding pre-dispersed organoclay (15mM/OWax) into HDPE
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improved the fracture strength to 38.52+/-2.35 for 15mM/Wax/HDPE and
38.74+/-1.81 MPa.

When 15.0mM loaded clay was directly compounded with pure HDPE
(15mM/HDPE) to form composites, the fracture strength was 40.50+/-7.02 MPa.
This value was higher than that of pure HDPE, but lower than that of composites
formed by using co-intercalants. It was found that co-intercalants were essential to

improve the fractured strength.

3.4. Conclusion

The adsorption process for S18 molecules involved three states. The first
state, where S18 forms a flat-lying monolayer, occurred at low loading concentrations.
This state showed high adsorption efficiency, above 80%, with the surface energy in
the range 40.7 — 46.0 mN m™. OWax did not mix with the organoclays due to a
mismatch between the surface of the organoclay and the melted OWax. The second
state, which was the intermediate state, was where the monolayer changed to a double
layer formation. OWax interacted only with the portion of the organoclay that was in
double layer formation. The third state, which is the complete double layer
formation, involved the formation of the flat-lying double layer and occurred with
high surface coverage. OWax intercalated with the double layer organoclay and
dispersed the organoclay platelets into smaller particles. These results demonstrated
that incomplete intercalation resulting from changes in surface coverage caused
heterogeneity in the organoclay and created a non-uniform polymer-clay

nanocomposite. OWax encouraged the delamination of the organoclay into smaller
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platelets because the surface energy of the melted OWax matched that of the
organoclay. An unexpected match in the surface energy of 15mM organoclay and
HDPE showed intercalation and delamination. We found that both the ultimate

strength and toughness of the nanocomposites improved when organoclay was present.
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CHAPTER IV
POLYPROPYLENE (PP) CLAY NANOCOMPOSITES
FORMATION

BY TWIN SCREW EXTRUDER

4.1 Introduction

Polypropylene (PP) is one of the most widely used thermoplastic polymers
in various applications due to its versatility, toughness, inertness and attractive
property-cost ratios. In order to make improvement of the properties, composites
made with fillers such as CaCOj3 or layered aluminosilicates were investigated [48, 49].
The layered aluminosilicates homogeneously dispersed in PP matrix, PP-clay
nanocomposites, leads to a remarkably improvement in term of mechanical properties,
flammability resistance and barrier properties with a slight additional cost. This had
led to a lot of research on PP-clay nanocomposites in both academic and industry.
[49-51]. It is difficult to get exfoliated and fully-dispersed clay particles in a PP
matrix because the lack of polar group on PP molecules. Moreover, clay particle is
hydrophilic in nature. The surface must be treated with surface active agents,
surfactant, to adjust the surface property of the clay before compounding with the
polymer. The arrnagement of the surfactant molecule on the surface had been shown
to have a profound effect in controlling the organoclay dispersibility. Therefore the
parameter such as length of molecules, the number of tail groups and degree of surface

coverage on clay surface are important parameters in controlling the compatibility
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between organoclay and the polymer [5]. It is reported that the extent of surface
coverage of clay particles, low, middle or high coverage, is very important in the
treatment with surfactant [6]. It is expected that low surface coverage on clay
particles allow a better intercalation of molecules of matrix polymer.

The compounding approach was reported to have an effect on the clay
dispersion where two kind of processes, master batch and single-pass process, were
generally employed [52, 53, 57]. The master batch process showed higher dispersion
of organoclay particles in polymer matrix more than single pass process [53]. The
compatibilizers, such as maleic anhydride-grafted PP (MA-g-PP), was reported to
improve the dispersion of the organoclay in composite by adding adequate amount of
MA-g-PP into PP-clay nanocomposites [2, 49, 52, 53, 61]. Exfoliated or
intercalated-exfoliated typed of dispersion had led to an improvement in term of gas
barrier property, mechanical properties, and flame retardency.

The objective of this study is to investigate effects of commercially
available organoclay surface coverage, with low (LC), medium (MC) and high surface
coverage (HC), on the formation of polypropylene (PP)-clay nanocomposites
formation through master batch process with MA-g-PP as a compatibilizer. The
MA-g-PP is used in order to promote the intercalation into clay intergallery. The
organoclay is the grade used in the paint industry which is being marketed at lower

cost.

4.2 Experimental Procedure
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4.2.1 Materials

Three different types of organoclay used in this study were trialkylaryl
ammonium hectorite (Bentone 27, referred as to LC, because of low surface coverage
on clay particles), tetra-alkyl ammonium bentonite (Bengel 434, referred as to MC,
because of medium surface coverage on clay particles), and organic derivative of
montmorillonite clay (Bentone SD-1, referred as to HC, because of high surface
coverage on clay particles). All the clays were manufactured by Elementis
Specialties Inc and were used without any further purification. Maleic anhydride
grafted polypropylene (MA-g-PP) with acid number of 45mg KOH/g (molecular
weight of 9100 g/mol and MA content of 3.8%, available under the product name
Epolene E-43, Eastman Co., Ltd.) was used as the co-intercalant. Polypropylene
(PP), (Basell 500N produced by HMC polymers Company Limited, MFI: 7.5g/109)
was used as a matrix polymer.

The solvents used for contact angle measurement were distilled water (W,
surface tension 72.8 mN/m), glycerol (G, 63.4 mN/m, VWR International Ltd.),
di-iodomethaine (D, 50.8mN/m, Merk Schuchardt OHG), and benzyl ahcohol (B,

39.mN/m, Ajax Finechem).

4.2.2 Contact angle measurement

Contact angle measurement of sessile drops on organoclay tablets was
conducted in order to quantify the degree of hydrophobicity. The sample was made
from 1.0 g of organoclay hydraulic-pressed into tablets of 1.5 cm diameter and
thickness around 5.0 mm. The volume of each drop was 5.0 microliters. Average

value of ten droplets at each solvent on each sample was adopted as contact angle.
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4.2.3 Surface energy
The calculation of the surface energy was performed using Owedt’s method

[35, 36]. The solvents possess different dispersive and polar components were used.

y L+ 00s6)=2,(r¢ )+ 2/ (72.7P) 1)

Vs =7s +7e 2
In the equations (1) and (2), y5, < and y? represent the surface energy of

the substrate and the dispersive and polar components of the solvent, respectively [37].
The values for both the polar and dispersive components of the solvent are reported in

our previous work [54].  The surface energy was obtained by plotting

[(;/L(1+cose))/2\/EJ against (y?/y¢), which yielded a linear relationship. The
dispersive component, »{, was obtained from the y-intercept and the polar

component, y& from the slope. The sum of the dispersive and polar components

gave the surface energy.

4.2.4 Critical surface energy (CSE)
The critical surface energy (CSE) of organoclay was calculated using the

Zisman plot [37]. The following equation was used for determining the CSE.
cos®=1-b(y, —y.) 3

A CSE on the organoclay surface is defined as the surface tension of the

reference liquid that fully wets the surface when y, =y.. If the experimental plots
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of the reference liquids fall on a straight line, the surface wettability is determined
from the intersection of the straight line and cos6 =1. The same contact angle data
was used to generate a Zisman’s plot for our organoclay sample to calculate its CSE.
A pure solvent was used rather than one of mixed solutions due to a possible
contamination from specific and selective adsorption of the components constituting

the solution [38].

4.2.5 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) of LC, MC, and HC was carried out
using SDT 2960 Simultaneous DSC-TGA (TA Instruments). The organoclays were
heated from room temperature to 900°C at a heating rate of 10°C min™ under nitrogen
atmosphere (50cm® min™) in order to evaluate the amount of physically adsorbed and

intercalated surfactants, and their decomposition temperature.

4.2.6 Formation of pre-dispersed organoclay

The organoclay was pre-dispersed in co-intercalant by mixing MA-g-PP
and organoclay at weight ratio of 1:1. Compounding was carried out by using a
co-rotating twin screw extruder (produced by En Mach Co., Ltd in Thailand
L/D=40:1). The temperature was set at 100°C in the 1% zone and at 190 °C from the
2" to the 9" zone in the barrel of the extruder with the screw speed of 180 rpm. The
same processing conditions were applied throughout this work except for the screw
speed. Pre-dispersed organoclay composed of 50wt% of organocaly and
50wt%MA-g-PP, which is referred as to such as LC50MA50 and LC50MA50. The

notation first 2 letters represent the type of the organoclay used which are LC, MC and
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HC. The following number indicates the amount of the organoclay in the polymer
matrix. The next two letters represent the type of the compatibilizer while the

number indicates the amount of the compatibilizer in the composition.

4.2.7 Formation of PP-clay nanocomposites

The master batch having 20wt% organoclay content was prepared by
adding pure PP into the pre-dispersed organoclay. The preparation was conducted by
using a co-rotating twin screw extruder (produced by En Mach Co., Ltd in Thailand
L/D=40:1). The processing temperature was set at 100 °C in the 1% zone and at 190
°C from the 2™ to 9" zone in the barrel of extruder with the screw speed of 600 rpm.
In this paper, master batch having 20wt% of LC is described as LC20MA20PP.

The master batch was diluted with PP into 2, 5, and 10wt% organoclay
content. In compounding master batch and PP-clay nanocomposites, the same twin
screw extruder as in the preparation of pre-dispersed organoclay was used. In this
paper, nanocomposites with 2wt% of LC and 2wt% of MA-g-PP are described as
LC2MAZ2PP.

Two-component MA-g-PP/PP composites were prepared by directly
compounding MA-g-PP with pure PP. In order to investigate the effect of MA-g-PP
on Differential Scanning Calarimetery, 2, 5, and 10wt% of MA-g-PP were loaded on
pure PP. Two-component MA-g-PP composites with 2wt% of MA-g-PP are also

referred as to MA2PP.  All formulation prepared were described in Table 4.1.
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Table 4.1 Formulation of the prepared nanocomposites.
Organoclay MA-g-PP PP
LC MC HC (Wt%0) (Wt%)
(Wt%) (Wt%) (Wt%)
LC2MA2PP 2 - - 2 96
LC5MAS5PP 5 - - 5 90
LC10MA10PP 10 - - 10 80
MC2MA2PP - 2 - 2 96
MC5MAS5PP - 5 - 5 90
MC10MA10PP - 10 - 10 80
HC2MA2PP - - 2 2 96
HC5MA5PP - - 5 5 90
HC10MA10PP - - 10 10 80
MA2PP - - - 2 98
MASPP - - - 5 95
MA10PP - - - 10 90
pure PP - - - - 100

4.2.8 X-ray diffractometry (XRD)

The X-ray diffractometer in this study was Bruker model D8 ADVANCE
with CuKo radiation (1.5406 A). The voltage and the current of X-ray tubes were
40kV and 30mA, respectively. The scanning was done by step scanning with a step
size of 0.05 degree at 2 6 and integration time of 10 seconds. The measurement of
the pre-dispersed organoclay and nanocomposites was scanned in a range from 1.0"to
10.0" with the same conditions as those for organoclay. The pre-dispersed organoclay

was grounded with a mortal, and the composites extruded were compressed into a stab

and cut into a 2.5 cm-diameter disc.
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4.2.9 Tensile test

Tensile test of the PP-clay nanocomposites and pure PP was carried out by
using the Series IX Automated Materials Testing System (INSTRON Corporation)
with 50mm/min of crosshead speed according to ASTM D638.

After PP-clay nanocomposites were compressed by using a hydraulic
pressing (K. V. S Engineering Co., LTD. Patumwan, Thailand), they were die-cut into
the shape of type-4. Tensile strength and elongation were calculated for 5 specimens

at each condition.

4.2.10 Differential scanning calorimetry (DSC)

The crystallization behavior of composites and matrix polymer was studied
with a Differential Scanning Calorimeter (METTLER TOLED) under flowing
nitrogen atmosphere. In order to remove the influence of the previous thermal and
mechanical history, 12+/-1.0 mg samples were initially heated from 20 °C to 180 °C at
10 °C/min, held at that temperature for 5min, and then cooled to 25 °C at 10 °C/min.
They were kept for 5 min, heated again to 180 °C at 10 °C/min, and cooled to 20 °C at
the same rate.

The crystalinity of the PP matrix in PP-clay nanocomposites was
determined by the following equation in the first cooling proess.

%= (AHm x 100) / (fy X AH %) (%) 4)
where AHp,, (J-g™) is the enthalpy of melting of the polymer matrix, fp is the PP weight
fraction in the nanocomposites and AH % is the enthalpy of melting of pure crystalline

PP (207.13-g7%) [2].
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4.2.11 Scanning electron microscopy (SEM)

The particle morphologies of PP clay nanocomposites were observed by
scanning electron microscopy (SEM) (HITACHI SEM S-2500) with an operation
voltage of 15kV. Fracture surface was prepared by breaking a notched specimen in
liquid nitrogen. The specimens were chemically etched by a solution of 0.7 wt%
KMnQ, in a 2:1 mixture of H,SO4 and H3PO, (85 %) for certain time, then washed by
30 % H,0; aqueous solution and distilled water and dried in the air [53]. Degree of

delamination of clay particles was investigated by calculating aspect ratio.

4.2.12 Gas barrier property

Thin films (Imm) of pure PP as well as PP and PP nanocomposites
(LC10MA10PP, MC10MAL0PP, and HC10MAZLO0PP) were formed. Oxygen
permeation meter (ILLINOIS MODEL 8000) at 23 °C and 0% RH were used to
measure oxygen permeation through these films according to ASTM D3985. An

average of ten measurements for each sample were reported.

4.3 Results and discussion

4.3.1 Thermogravimetric analysis (TGA)

The TGA curves of organoclays (LC, MC, and HC) are plotted in figure 4.1.
In the first place, it can be seen that all of organoclays slightly lost their weights at a
temperature below 200°C. Each of them was about 1.4, 3.0, and 1.7wt% for LC, MC,

and HC, respectively. This is believed to be due to the evaporation of moisture
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present on the surface of clay platelets. The amount of water was subtracted from the
total weight loss in the calculation.

LC and HC began to loose their weights at 156 and 144°C. Major weight
losses of three organoclays occurred in the temperature range of 200-600°C due to
decomposition of the interlayer surfactant occurred in this temperature range. [55]

The residual weights for LC and MC at 900°C were 71.3 and 71.7wt%.
The residual weight for HC was 49.7wt%, which indicates that the surfactant present
in HC is about twice as that of LC and HC by weight. Moreover, we can see that the

half weight of HC is composed of the interlayer surfactant.

80 -

504 HC

0 200 400 600 800 1000
Temperature (°C)

Figure 4.1  TGA curves of organoclays (LC, MC, and HC).

4.3.2 Contact angle measurement and critical surface energy (CSE)

Contat angles from distilled water (W), di-iodomethane (D), glycerol (G),
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and benzyl alcohol (B) were measured and the surface energy (SE, ys) of LC, MC, and
HC was calculated using Owedt’s method [35, 36]. LC demonstrated total surface
energies of 35.45mN m™ as listed in table 4.2. As expected, the total surface energy
decreased with increasing surfactant surface coverage. Total surface energies of LC
and HC were relatively close to each other, although that of HC was the lowest. The
TGA shows that the HC has the highest amount of the intercalate surfactant. The
ratio of the polar to dispersive components is an indicator of contribution from van der
Waals interaction and other polar interactions. In order to enhance wettability of
rganoclay with polymer, a low ratio such as from 0.01 to 0.05 is better [36], although

the values obtained 0.11 to 0.32.

Table 4.2 Dispersive component, polar component, overall surface energy ( vys ),

ratio between the polar to dispersive component, and the critical surface tension of LC,

MC, and HC.

Organoclay | Dispersive Polar Total Ratio Critical
component | component surface P/D surface

energy tension
(mN-m'l) (mN -m'l) (mN-m'l) (mN-m'l)

LC 27.33 8.12 35.45 0.320 28.79

MC 23.61 6.55 30.15 0.277 23.78

HC 17.99 2.01 20.00 0.111 14.80

Zisman plot and correlation coefficients of each plot on LC, MC, and HC

are shown in figure 4.2.
also listed in table 4.2.

the intersection between extrapolation of the plots and cos 6 =1.

The critical surface energies (CSE) of LC, MC, and HC are

The CSE of organoclays was determined by calculating vy, at

The CSE of
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organoclay decreased with increasing surface coverage on clay. The CSE of LC, MC,
and HC decreased as surface coverage of clay increases. The obtained values of LC
and MC were very close one another, 28.8 and 23.8 mN-m™ for LC and MC. The
CSE of HC was 14.8 mN-m™.  The trend of CSE of LC, MC, and HC was similar to
that of the calculated surface energy. It is reported that surface energy of
polypropylene is about 15 mN-m™ [56], so that well-dispersion of LC and MC in

PP-g-MA and matrix polymer can be expected.
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Figure 4.2  Critical surface energy of LC, MC, and HC.

4.3.3 Organoclay and pre-dispersed organoclay
X-ray diffractmetry was performed for the obtained MA-g-PP
compatibilizer effect in order to follow intercalation process. The XRD patterns of

organoclays, pre-dispersed organoclays, and nanocomposites with 2wt% of organoclay
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loading are shown in figure 4.3.
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Figure 4.3 X-ray diffractgram of organoclays, pre-dispersed organclays and
nanocomposites with 2wt% loading of organoclay loading.

LC showed a sharp interlayer spacing with the peak 4.93° (17.9A°) and was
indexed as doo1 [29, 57, 61]. When LC was compounded with MA-g-PP
(LC50MADS50), this peak turn into a shoulder at 2.18° (40.5A° doo;) along with a
broader peak at 4.92° (18.0A° dgp). The shift of the peak to a lower angle is
resulting from intercalation of MA-g-PP molecules into clay interlayer.

MC shows two peak at 1.83° (48.3A°) and a sharp peak at 3.89° (22.7A°).
Both peaks were believed to come from two different arrangement of the surfactant in
the interlayer due to a layer charge heterogeneity of clay [58]. As a result, two

different packing of the organoclay were observed in this case including high surface
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coverage and lower surface coverage. By mixing MC with PP-g-MA, MC50MA50
showed a shoulder at 2.12° (41.7°A), and two broad peaks at 4.18° (21.1°A) and 6.36°
(13.9°A) corresponding to doos, doo2, doos planes, respectively. These peaks represent
the higher surface coverage portion of the MC organoclay. The peak due to the lower
surface coverage was disappeared due to the exfoliated structure. It was expected
that intercalation/exfoliation was achieved in this case [49, 57]. There could be two
reasons why the intercalation was achieved at LC and MC. The first reason was that
the LC and MC did not have mismatch of surface energy against MA-g-PP based on
the results from contact angle measurement. The second reason was that LC and MC
had some space for intercalation of MA-g-PP [6].

HC showed a characteristic diffraction pattern, which consist of two sharp
peaks at 2.31° (38.3 A°) and 4.47° (19.8 A°) and one broad peak at 6.7 ° (13.2 A°).
They were indexed as doo1, dooz, and dgoz planes. When HC was mixed with
MA-g-PP, HC50MA50 showed a diffraction pattern with peaks at 2.45° (36.1A°),
4.76° (18.6A°) and 6.89° (12.8A°. There was no difference in diffraction patterns
between HC and HC-MA-g-PP, although each peak slightly shifts toward to higher
angle values. This indicated that not only no intercalation of MA-g-PP molecules
into interlayer of HC organoclay interlayer [57], but also a slight collapse of silicate
layers occurred [59]. This could be caused by the degradation of surfactant in the
processing or elimination of the interlayer molecules. As expected, HC with low
CSE cause by high surface coverage did not indicated intercalation and exfoliation in
HC50MAS50. The mismatching of surface energy between MC and MA-g-PP does

not allow MA-g-PP molecules of intercalating into interlayer [6].
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4.3.4 Nanocomposites formation

Master batch were compounded with pure PP by the twin screw extruder
before let down into PP clay nanocomposites at different organoclay composition.
Figure 4.3 shows the X-ray diffractgram of LC2MA2PP, MC2MAZ2PP, and
HC2MAZ2PP. A shoulder corresponding to the dgg1 plane on LC2MA2PP appeared at
1.97° (44.9A°), which was shifted to lower angle compared to that on LC50MAS50.
This could imply improvement of intercalation on LC by compounding with matrix
polymer.

MC2MAZ2PP showed three broader peaks at 1.97° (44.9A°), 4.65 (19.0A°),
and 6.41° (13.8A) which were indexed as dgo1, doo2, and doosz due to the higher surface
coverage portion of the organoclay. The first peak on MC2MA2PP was slightly
shifted to lower angle compared to that on MC50MA50 and become a broader peak
due to the disintegration of the organoclay stack. Compared to X-ray diffractgrams
of nanocomposites with LC and MA-g-PP, broadness of peaks on composites with MC
and MA-g-PP was more distinct, which implies particle size of MC in composites is
larger than LC.

A diffraction pattern of HC2MAZ2PP had three peaks ranging from 2° to 3°,
4° to 5°, and 6.5° to 7.5° corresponding to the dgoz, ooz and dooz plane, respectively.
Each peak did not show any shifts in the position, which indicated that not only
intercalation of PP molecule but also the size reduction of HC did not occur, although
we can see a slight shift to lower angle at the peak for doo;.  This could be caused by
high coverage of surface surfactant on HC. It was considered that surface of
organoclay was highly occupied with surfactant, so that intercalation of PP molecules

is interfered [6].
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Based on X-ray diffractogram of organoclays, pre-dispersed organoclay,
and PP-clay nanocomposites, the possible structures/surface coverage of LC, MC, and

HC can be assumed as shown in figure 4.4.

Pre-dispersed
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Figure 4.4 Possible structures/surface coverage of LC, MC, and HC.

It was expected that LC changed the structure in compounding PP-clay
nanocomposites as shown in figure 4.4(a), because HC showed improved intercalation
of MA-g-PP and PP. This was achieved by low surface coverage with homogeneity
on LC surface. It was expected that MC changed the structure of clay in
compounding PP-clay nanocomposites as shown in figure 4.4(b), because X-ray
diffractogram of MC50MA50 and MC2MAZ2PP indicated three broad peaks for dgo:

doo2, and doos plane, respectively. The surface coverage on MC consists of a mixture
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of low and high surface coverage. It was expected that HC was highly-closed packed
by surfactant molecules shown as figure 4.4(c), because of no intercalation of HC on
the X-ray diffractgram. It was expected that HC had at least highly-closed packed
mono and double layer, because X-ray diffractgrams of HC, HC50MAS50, and

HC2MAZ2PP indicated three sharp peaks for dgo1 dooz, and doos plane, respectively.

4.3.5 Tensile test

Tensile testing of dumbbell-shaped specimens (Type-4) was carried out at
50 mm/min of an elongation rate.  Tensile strength and elongation for composites and
pure PP were illustrated in figure 4.5(a) and (b), respectively.

Tensile strength of pure PP and PP clay nanocomposites were shown in
figure 4.5(a). Tensile strength of pure PP was 37.5 MPa. It has been reported that
increase in clay content, less than 10wt%, contributes to improvement of tensile
strength [61]. However, tensile strengths of PP clay nanocomposites gradually
decreased with increasing organoclay loading. Tensile strengths of LC2MAZ2PP,
LC5MAGSPP, and LC10MAZ10PP were 36.46, 34.68, and 31.3 MPa respectively, which
were higher than the other composites at every concentration of organoclay loading.
It could be considered intercalation/exfoliation of LC was enhanced more than that of
MC and HC.

Figure 4.5(b) depicts elongations of pure PP and PP clay nanocomposites.
Elongation of pure PP was 7.08%. LC2MAZ2PP, LC5MA5PP, and LC10MA10PP
showed 7.51, 7.36, and 3.67%, respectively. MC2MA2PP, MC5MAS5PP, and
MC10MAZ10PP showed 9.65, 6.65, and 3.48%, respectively. Composites with HC

showed 7.40, 7.03, and 2.69% at 2, 5, and 10wt% content, respectively. It has been
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reported that elongation decreases with increasing MA-g-PP content [61]. Only
MC2MAZ2PP showed higher value of elongation than the other composites with 2wt%
of organoclay loading. Elongation of composites with 2wt% of organclay exhibited
the values in the range of error bar of HC2MAZ2PP, which indicated that there was not
a considerable difference in exfoliation/intercalation among different degree of surface

coverage on clay platelets.
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Figure 4.5(a) Tensile strength of polymer-clay nanocomposites and pure PP.
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Figure 4.5(b) Elongation of polymer-clay nanocomposites and pure PP.

4.3.6 DSC (differential scanning calorimetry)

The influence of the different types of organoclay and MA-g-PP on melting
and cooling behaviors was investigated by DSC. DSC provides the melting and
crystallization temperature of pure PP, two-component MA-g-PP/PP composites, and

PP clay nanocomposites [62].
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Figure 4.6(a) DSC curves of two-component composites in heating process.

DSC curves of MA2PP, MA5PP, and MAL0PP in heating process were
shown in figure 4.6(a). Melting peak temperature of pure PP was 164.8 °C. When
the MA-g-PP was added, two-component MA-g-PP composites, melting temperature
reduced to 160.7, 158.7, and 158.7 °C for MA2PP, MA5PP, and MA10PP, respectively.
This behavior results from the presence of low-molecular weight MA-g-PP in the
nancomposites. DSC curves for MA2PP, MA5SPP, and MA10PP had single peaks,
although each of them was broader than pure PP. This indicated that MA-g-PP and
PP are molecular miscible. However, melting peak temperature of two-component
composites slightly decreased as compared to pure PP owing to lower melting points

of MA-g-PP,
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Figure 4.6(b) DSC curves of PP clay nanocomposites in cooling process.

DSC curves of PP clay composites in cooling process were illustrated in
figure 4.6(b). All of the prepared PP-clay composites exhibited higher crystallization
temperatures than pure PP.  This implies that clay particles incorporated into polymer
matrix play a role as effective nucleating agents for crystallization [63, 64]. It is
reported that increase in amount of clay loading increase crystallization temperature
[53]. It is well-known that small amount of well-dispersed organoclay can act as the
effective nucleating agents to accelerate the crystallization of PP matrix [65]. No
relationship between crystallization temperature with the amount of clay loading and
the degree of surface coverage were found in this study.

The crystalinity of the PP matrix in PP-clay nanocomposites in the cooling
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process on DSC curves was shown in figure 4.6(c). Pure PP showed 49.7% of
crystallinity. By adding 2wt% of clay and MA-g-PP into matrix polymer, PP-clay
nanocomposites (LC2ZMA2PP, MC2MA2PP, and HC2MAZ2PP) showed 50.1, 50.0, and
49.7%, respectively. With increasing clay and MA-g-PP content, crystallinity of
PP-clay nanocomposites was slightly increased. No distinct relationship between
crystallinity of the nanocomposite and the degree of surface coverage of organoclay
was found. The same trend was reported in literature [6] that the partial exfoliation
of organoclay increases the nucleation effect and accelerates the crystallization process
while the confined PP segment in the organoclay interlayer in nanocomposites will be

restricted.
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Figure 4.6 (c)  Crystallinity of PP-clay nanocomposites.

4.3.7 SEM (scanning electron microscopy)

SEM micrigraphs taken from the etched surface of the PP composites are
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shown in figure 4.7. The dark areas indicated matrix polymer, on the other hand,
white areas depicted organoclay particles. Aggregations of organoclay particles were
clearly visible on the surface for not only campsites with 5wt% organclay lading
(HC5MAGSGPP (figure 4.7(a)), LC5MASPP (figure 4.7(b)) and MC5MAGBLPP (figure
4.7(c)), but also 10wt% rganoclay loading (HC1O0MALOPP (figure 4.7(d)),
LC10MALO0PP (figure 4.7(e)) and MC1O0MAZ10PP (figure 4.7(f)). The length of most
of the particles was ranging from 1.0 to 2.0um. It is found that exfoliation of

organoclay particles was obviously far from complete.
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Figure 4.7 SEM micrgraphs of PP clay nanocomposites.
On SEM observation, fifteen particles at each specimen were chosen.

Aspect ratio of the clay particles on specimens was calculated. Composites with
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10wt% organoclay indicated the aspect ratio of 4.74, 4.75, and 3.60 for LCLOMAZ10PP,
MC10MA10PP, and HC10MAZ10PP, respectively.  The high aspect ratio in
LC10MA10PP and MC10MAS510PP should be reflected in an enhanced gas barrier
property. When organoclay loading was reduced to 5wt%, the aspect ratio of
LC5MAVSGPP was increased to 6.17.  One of major factors for increased aspect ratio of
composites comprising LC can be delamination of clay particles, because the width of
LC reduced to 2.83. It was found aspect ratio of MC and HC did not increase

because that the reduction of width of MC and HC is smaller than that of LC.

4.3.8 Gas barrier property

Figure 4.8 shows the relative oxygen permeability of PP nanocomposites
(LC10MA10PP, MC10MA10PP, and HC10MAI10PP). The relative oxygen
permeability is the ratio of the oxygen permeation coefficient of nanocomposites to
that of pure PP. It is well-known that the gas barrier property depends on the aspect
ratio of clay particles [66]. As expected form the calculated aspect ratio of HC
particle in SEM, HC10MAZ10PP film did not show a drastic reduction compared to
pure PP, which was about 2 % of reduction. This indicated that gas barrier property
for oxygen was not improved in the presence of HC organoclay. LC10MAZL0PP and
MC10MAZ10PP indicated a reduction in the gas permeation about 12 and 20 %,
respectively. It was mentioned in the SEM observation on nanocomposites with
10wt% organoclay loading that the aspect ratios of LC and MC were larger than that
of HC. The aspect ratio of MC was slightly larger than that of LC. These results
were consistent to the result of relative oxygen permeability of LC10MA10PP and

MC10MA10PP.
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It is reported that 7 wt% of clay loading leads to 40% reduction of oxygen
permeation coefficient [67]. This reduction is almost two times as same as that of
MC10MAZL0PP. This difference in reduction of relative oxygen permeability may be

because of aspect ratio of clay particles.
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Figure 4.8 Relative oxygen permeability of nanocomposites with 10 wt%
of organoclay loading.

4.4 Conclusion

Organoclays with different degree (low, medium, and high) of surface
coverage were used in formation of PP-clay nanocomposites twin screw extruder.
LC which indicated about 71.3wt% of the residual weight had 35.45 and 28.79
mN-m™ of total surface energy and critical surface tension, respectively. High

intercalation on HC was observed in LC50MA50 and LC2MAZ2PP, although total
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surface energy and critical surface tension of LC were higher than those of MC and
HC, respectively. It was found that nanocomposites with LC did not show drastic
reduction of tensile strength on tensile test, which were comparable to those with MC
and HC. LC played a role of nucleating agents for crystallization, but crystallinity
was not influenced by organoclay surface coverage but amount of organoclay loading.
LC particles which were high aspect ratio observed in PP-clay hanocomposites, which
resulted in 88% of relative oxygen permeability at LCIOMAL10PP. MC shows about
71.7wt% of residual weight and possess 30.15 and 23.78 mN-m™ for the total surface
energy and critical surface tension, respectively. It was found that the surface
coverage on MC was heterogeneity from MC50MA50 and MC2MAZ2PP.
Nanocomposites with MC indicated similar reduction in tensile strength as those with
LC. MC particles had high aspect ratio which indicated 80% of relative oxygen
permeability at MC10MAL10PP. HC indicated about 49.7wt% of the surfactant
content, which resulted in 20.0 and 14.80 mN-m™ of total surface energy and critical
surface tension, respectively. HC showed no intercalation of MA-g-PP and PP
molecules, which resulted in lowest aspect ratio of the three organoclays. Relative

oxygen permeability at HC10MAZL10PP was almost same as pure PP, which was 98%.
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CHAPTER V
HIGH-DENSITY POLYETHYLENE (HDPE) CLAY
NANOCOMPOSITES FORMATION
BY TWIN SCREW EXTRUDER

5.1 Introduction

HDPE is one of the most widely used thermoplastic in both pure form and as
the composites. The inorganic fillers such as CaCO3 [68, 69], mica [69], and clay
minerals [1, 8, 62, 70, 71] have long been used in the HDPE to reduce cost and/or
improve the mechanical property. HDPE-clay minerals has drawn a lot of attention
as the new type of nanocomposites where the clay platelets have high aspect ratio can
produce unique synergetic properties such as mechanical, flame retardant and barrier
properties. These unique properties arise when the clay platelet is highly dispersed in
the polymeric matrix; however, the dispersing of the clay particles in nanoscale is
difficult to achieve due to nature of the clay and the HDPE. The clay is hydrophilic
while polymer matrix is hydrophobic. Proper dispersing of the organoclay is very
important for the preparation polymer-clay nanocomposites. The combination of
clay surface modification and proper processing technique was the key for the
preparation of polymer-clay nanocomposites [72]. The clay surface modification is
often done by treating the clay with surface active agents (surfactant), alkyl
ammonium salt, to form an organoclay It was reported that a choice of surface

coverage of clay particle, low, medium or high coverage, is very important in the
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treatment with surfactant [1, 71]. The clay particles with proper surface coverage of
cationic surfactant can be dispersed in matrix polymer [73] and improve the properties
such as mechanical properties, gas barrier properties, and flame retardancy.

It is also reported that compatibilizers, such as maleic anhydride modifies
polyolefins, or oxidized low molecular weight polyolefin, can be used as a
compatibilizer to promote the dispersion of the organoclay in polymeric matrix [8],
especially for most of the low polarity polymer. Many types of compatibilizer,
including low molecular weight polymer with some polar group on the structure, were
used in order to promote intercalation and exfoliation of organoclay particles in the
polymeric matrix [7].

The objective of this study is to investigate effects of organoclay surface
coverage with low (LC), medium (MC) and high surface coverage (HC) for the
preparation of HDPE-clay nanocomposites through the master batch process with
oxidized polyethylene (Owax) wax as a compatibilizer. The oxidized polyethylene
wax was used in order to promote intercalation into clay intergallery. The organoclay
is the grade used in the paint industry which is being marketed at the lower cost. The
cost control is one of the most essential factors for economically producing a large

quantity of HDPE-clay nanocomposites.

5.2 Experiments

5.2.1 Materials

Three different types of organoclay were investigated, which were hectorite



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Materials Science and Engineering) / 81

treated with trialkylaryl ammonium (commercial name: Bentone 27, referred to as LC
from low surface coverage), bentonite treated with tetra-alkyl ammonium (commercial
name: Bengel 434, referred to as MC from medium surface coverage), and organic
derivative of montmorillonite clay (commercial name: Bentone SD-1, referred to as
HC from high surface coverage). All the organoclays were manufactured by
Elementis Specialties Inc and were used without any further purification. Oxidized
polyethylene wax with acid number of 25mgKOHY/g (available under the commercial
name EO-42, referred to as OWax) were obtained from Q-compound Co., Ltd
(Nonthaburi, Thailand), which was used as co-intercalants.  High density
polyethylene, HDPE (Thai-Zex 7000F, produced by Bangkok Polyethylene Company

Limited, MFI: 0.04g/10g), was used as the matrix polymer.

5.2.2 Formation of pre-dispersed organoclay

Pre-dispersed organoclays were prepared by mixing OWax and organoclay
at weight ratio of 1:1. Compounding was carried out using a co-rotating twin screw
extruder (produced by En Mach Co., Ltd in Thailand L/D=40:1). The process
temperature was set at 50°C in the 1% zone and at 140 °C from 2" to 9™ zone in the
barrel of the extruder with the screw speed of 180 rpm. The extrusion was quenched
with water and dried for more than 24 hours before further processing. Pre-dispersed
organoclay composed of 50wt% of organclay and 50wt% of OWax, which was
referred to as LC50-OWax50, MC50-OWax50, and HC50-OWax50. The first two
letters indicate the type of organoclay used which are low, medium and high surface
coverage. The next number represents the amount of the organoclay in the

composition. The type of the compatibizer was indicated by next letters which
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include Owax and Wax. The last number indicates that amount of the compatibilizer

in the total composition.

5.2.3 Formation of HDPE-clay nanocomposites

The master batch having 20wt% of organoclay was prepared by adding
pure HDPE into the pre-dispersed organoclay. The preparation was conducted by
using a co-rotating twin screw extruder (produced by En Mach Co., Ltd in Thailand
L/D=40:1). The processing temperature was set at 100 °C in the 1% zone and at 230
°C from the 2" to 9" zone in the barrel of extruder with the screw speed of 600 rpm.

In this paper, master batch having 20wt% of LC was described as LC20-OWax20NC.

Table 5.1 Formulation of the prepared nanocomposites.

Organoclay OWax HDPE
LC MC HC (Wt%0) (Wt%)
(Wt%o) (Wt%o) (Wt%o)

LC2-OWax2NC 2 - - 2 96
LC5-OWax5NC 5 - - 5 90
LC10-OWax10NC 10 - - 10 80
MC2-OWax2NC - 2 - 2 96
MC5-OWax5NC - 5 - 5 90
MC10-OWax10NC - 10 - 10 80
MC2-OWax2NC - - 2 2 96
MC5-OWax5NC - - 5 5 90
MC10-OWax10NC - - 10 10 80
OWax2-HDPE98 - - - 2 98
OWax5-HDPE95 - - - 5 95
OWax10-HDPE90 1 - - 10 90
Pure HDPE - - - - 100

Polymer clay nancomposites with 2, 5, and 10wt% of organoclay was
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compounded by adding pure HDPE into master batch. The process temperature was
set at 100°C in the 1% zone and at 230 °C from 2™ to 9" zone in the barrel of the
extruder with the screw speed of 600 rpm. In this paper, polymer clay
nanocomposites having 2wt% of organoclay was described as LC2-Owax2NC.
Two-component nanocomposites were prepared by directly mixing HDPE
with OWax as references. The process temperature was set at 100°C in the 1% zone
and at 230 °C from 2" to 9" zone in the barrel of the extruder with the screw speed of
600 rpm. In this paper, two-component composite with 2wt% of OWax was described

as OWax2-HDPE98. All formulation prepared were described in Table 5.1.

5.2.4 X-ray diffractometry (XRD)

The measurement was carried out by using D8 XRD (Bruker-aus Co., Ltd.,
Germany) using CuKa radiation with the voltage of 40 kV and current of 30 mA.
The samples were scanned by using the step scanning at 0.01%step and integration
time of 10sec/step.  Pre-dispersed organoclays were grounded with mortal.
HDPE-clay nanocomposites were compression-molded into the shape of a disc with

25 mm diameter.

5.2.5 Tensile test

Tensile test of the HDPE-clay nanocomposites and pure HDPE was carried
out by using the Series IX Automated Materials Testing System (INSTRON
Corporation) with 50cm/min of crosshead speed according to ASTM D638.
HDPE-clay nanocomposites were compressed by using a hydraulic pressing (K. V. S

Engineering Co., LTD. Patumwan, Thailand) prior to die-cutting into the shape of
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type-4. Tensile strength and elongation were calculated for five specimens at each

condition.

5.2.6 Differential scanning calorimetry (DSC)

The crystallization behavior of composites and matrix polymer was studied
with a differential scanning calorimeter (METTLER TOLED) under flowing nitrogen
atmosphere. In order to remove the influence of the previous thermal history,
12+/-1.0 mg samples were initially heated from 20 °C to 180 °C at 10 °C/min, held at
that temperature for 5min, and then cooled to 25 °C at 10 °C/min.  They were kept for
5 min, heated again to 180 °C at 10 °C/min, and cooled to 20 °C at the same rate.

The crystalinity of the PP matrix in PP-clay nanocomposites was determined

by the following equation in the cooling proess.
%= (AHm x 100) / (fy X AH %) (%) 4)
where AH, (J-g™) is the enthalpy of melting of the polymer matrix, fp is the HDPE
weight fraction in the nanocomposites and AH % is the enthalpy of melting of pure

crystalline HDPE (293.1J-g™) [24].

5.2.7 Scanning electron microscopy (SEM)

The particle morphologies of HDPE-clay nanocomposites were observed
by scanning electron microscopy (SEM) (HITACH SEM S-2500) with an operation
voltage of 15kV. Fractured surface for observation was created by breaking a
notched specimen quenched with liquid nitrogen. The specimens were etched by a
solution of 0.7 wt% KMnO, in a 2:1 mixture of H,SO4 and H3PO,4 (85 %) for certain

time, then washed by 30 % H,0, aqueous solution and distilled water and dried in the
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air.

5.3 Results and discussion

5.3.1X-ray diffractometry (XRD)

5.3.1.1 Formation of pre-dispersed organoclay

The organoclay used in this study is commercially avialable organoclay
which are marketed for the paint industry. They are marketed at a lower price than
the polymer-clay nanocompposite grade. The structural information regarding the
organoclay is limited; therefore, the nature of the orgnaoclay was first investigated.
The d-spacing of organoclay particles was obtained using Bragg’s equation.
Diffractgrams of HC, MC, LC, and pre-dispersed organoclays are illustrated in figure

5.1.
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Figure 5.1 X-ray diffractgram of LC, MC, and HC and pre-dispersed organoclay.

HC showed a sharp peak, 2.31° (38.3A°), and two broad peaks, 4.47° (19.8
A° and 6.7° (13.2 A°). Those peaks corresponded to dgos, dog2, and dgoz plane of
organoclay. When HC was mixed with OWax, referred to as HC50-OWax50 showed
one sharp peak at 2.44° (36.2 A°) and two broad peaks at 4.68° (18.9 A°) and 6.87°
(12.9 A°), respectively. No peak shifts to lower angle observed [64], except the
boardening of dgo; and dgos. This indicates that no intercalation occurs in the
HC50-OWax50, although particle size of HC attributed to high-ordered peaks may
become smaller. The peak for doo: plane slightly shifted to higher angle, which
indicated the collapse of the interelayer due to the thermal degradation induced during
the processing [67, 73].

LC shows a sharp peak at 4.93° (17.9 A°). When LC was compounded
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with OWax in the extruder, referred to as LC50-OWax50, it showed a broad peak
between 4° and 7° along with a shoulder (41.9 A°) between 2° and 3°. This indicated
LC mainly consisted of two types of clay structure. The shoulder between 2° and 3°
results from improved intercalation of OWax molecules into LC interlayer. The
broad peak between 4° and 7° indicated small LC particles with smaller d-spacing (a
majority of d-spacing is about 18 A°). It was expected that exfoliation did not occur.
This may be achieved by synergetic effects between LC organoclay platelets with low
surface coverage and OWax molecules with a polarity originated from hydroxyl
functional groups such as -COOH or —OH.

MC showed a broad peak at 1.83° (48.2 A°) and a sharp peak at 3.89° (22.7
A°). Both peaks were indexed as the d001 from two different packing types in the
clay interlayer. This may be originated from the layer charge heterogeneity of the
clay. The larger d-spacing is exceeding the length of the alkyl ammonium molecule
in the interlayer [65] and is believed to be originated from the bilayer packing of the
interlayer surfactant. The shorter d-spacing is originated from the lower surface
coverage orgnoclay portion that presences in the structure. When MC was mixed
with OWax in the twin screw extruder, referred to as MC50-OWax50, the masterbatch
of MC organoclay shows a sharp peak at 2.12° (41.6 A°) and other two broad peaks at
4.33° and 6.85° (20.4 A°, and 12.9 A°). According to the positions at 20, the first,
second, and third order peaks indicated doo1, doo2, and doos plane, respectively.  This is
believed to be the phase with the high surface coverage where the Owax cannot wet on
the surface. The Owax is only wet or intercalate into the lower surface coverage

phase, 3.89 °.
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5.3.1.2 Nanocomposites formation:

Pre-dispersed  organoclays, LC50-OWax50, MC50-OWax50, and
HC50-OWax50, were further compounded with HDPE in order to master batches,
LC20-OWax20NC, MC20-OWax20NC, and HC20-OWax20NC, respectively. The
organoclay content of each master batch was diluted by mixing with HDPE in order to

form HDPE-clay nanocomposites.
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Figure 5.2 X-ray diffractograms of nanocomposites with HC.

Diffractograms of HC20-OWax20NC and nanocomposites compounded
with HC are shown in figure 5.2. It was considered that the dgo; planes were also
collapsed where the observed peek was slightly shifted to the higher angle. This
indicated that HC was not been intercalated by neither OWax nor HDPE molecules,
therefore layered structure of HC in HC20-OWax20NC was no difference from that of

as-received HC. The slight collapse of interlayer gallery occurred at each
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concentration of HC in composites, this is believed to be due to the degradation of the
surfactatn in the interlayer. The second order peaks of NC-OWax-HC became
broader than those of HC20-OWax20NC. which implies the size of organoclay stack
may get smaller induced by shear force during the processing. Neither intercalation

nor exfoliation was observed with HC [6].
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Figure 5.3 X-ray diffractogram of nanoposites with LC.

Diffractgrams of LC20-OWax20NC and nanocomposites compounded with
LC are illustrated in figure 5.3. Formation of LC20-OWax20NC showed a slight
shoulder (41.9 A°) between 2° and 3° and a broad peak at 6.02° (14.7 A°), which was
quite similar to as-received LC. This indicated that intercalation into LC was not
improved compared to diffractgram of LC50-OWax50 in figure 1.

The first order peak (shoulder) completely disappeared on not only

LC2-OWax2NC, but also LC5-OWax5NC and LC10-OWax10ONC. This resulted
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from the delamination of clay particles with large d-spacing corresponding to the first
peak in compounding nanocomposites. It was observed that the third order peaks at
5.96° (147 A° and 6.08° (145 A° remained on LC10-OWax10NC and
LC5-OWax5NC, respectively. It could be expected that LC platelets with smaller
size were stacked with smaller gallery spacing. However, there still existed the both
of second and third order peaks at 4.69° (18.7 A°) and 6.28° (14.8 A° on
LC2-OWax2NC. LC particles with a gallery spacing of 14.8 A° was delaminated and
some of the platelets were intercalated. It was not apparently observed the second
peaks on LC10-OWax10NC and LC5-OWax5NC, because of higher shear force from

volume effect of HDPE.
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Figure 5.4 X-ray diffractogram of nanocomposites with MC.
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Diffractograms of MC20-OWax20NC and nanocomposites made with MC
are depicted in figure 5.4. The shoulder at the first order peak at 1.98° (44.6 A°) in
MC20-OWax20NC did not disappear completely in MC5-OWax5NC and
MC10-OWax10NC.  This indicated that delamination of clay platelets on
MC5-OWax5NC  and MC10-OWax10NC was not improved compared to
MC20-OWax20NC. However, formation of MC2-OWax2NC makes the first order
peak disappeared, which implies that the doo; plane was delaminated. Both of the
second and third order peaks at 4.49° (19.6 A°) and 6.41° (13.8 A°) still remained on
MC2-OWax2NC. MC5-OWax5NC showed the second and third order peaks at 4.89°
(18.1 A° and 6.48 ° (13.6 A° respectively. The second and third peak of
MC2-OWax2NC and MC5-OWax5NC were more prominent than those of
MC10-OWax10NC, which implied there existed smaller gallery spacing and larger
organoclay particles on LC5-OWax5NC and LC5-OWax5NC compared to
MC10-OWax10NC. It could be also assumed that breakdown and delamination were
enhanced by higher viscosity from volume effect of HDPE.

Based on X-ray diffractogram of organoclays, pre-dispersed organoclay,
and HDPE-clay nanocomposites, the possible structures/surface coverage of LC, MC,
and HC can be assumed as shown in figure 5.5.

It was expected that LC changed the structure in compounding HDPE-clay
nanocomposites as shown in figure 5.5(a), because HC showed improved intercalation
of OWax. This was achieved by low surface coverage with homogeneity on LC
surface. The first order peak (shoulder) completely disappeared on LC2-OWax2NC,
LC5-OWax5NC, and LC10-OWax10NC. This may be dur to the delamination of

organoclay platelets. It was expected that MC changed the structure of clay in
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compounding HDPE-clay nanocomposites as shown in figure 5.5(b), because X-ray
diffractogram of MC50-OWax50 indicated three broad peaks for dgoi doo2, and dogs
plane, respectively. This result gave us assumption that surface coverage on MC
composed of a complex of low and high surface coverage. By compounding with
HDPE, MC10-OWax10NC showed the first order peak as the shoulder. This
indicated a slight intercalation of HDPE into dgo; plane. It was expected that HC was
highly-closed packed by surfactant molecules shown as figure 5.5(c), because of no

intercalation of HC on the X-ray diffractgram.
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Figure 5.5 Possible structures/surface coverage of LC, MC, and HC.

5.3.2 Differential Scanning Calorimetry (DSC)

The influence of the different types of organoclay and OWax on melting
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and cooling process was investigated by DSC. Melting and crystallization
temperature can be obtained on heating and cooling proress, respectively.

DSC curves on melting process of two-component OWax-HDPE
composites are depicted in figure 5.6. The melting peak temperature of HDPE100
indicated 130.9 °C. The melting peak temperature on OWax2-HDPE98,
OWax5-HDPE95, and OWax10-HDPEQO indicated 129.2, 129.4, and 129.4 °C,
respectively. The peak temperatures were slightly decreased by incorporation of
OWax, but single peaks were observed. This indicated OWax and HDPE were

molecularly mixed.
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Figure 5.6 DSC curves of melting process on two-component OWax-HDPE
composites.

DSC curves on cooling process on HDPE clay nanocomposites were
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illustrated in figure 5.7. The crystallization peak temperature of pure HDPE was
116.2 °C. The crystallization peak temperatures were increased by adding
organoclay LC, MC, and HC. This implies that organoclay platelets (particles) play a
role of as the nucleating agents. It is reported that increase in amount of clay loading
increase crystallization temperature [53]. It was reported that presence of small
amount of well-dispersed organoclay can act the effective nucleating agents to
accelerate the crystallization of HDPE matrix [65]. It could not be seen that
crystallization temperature depends on amount clay loading and the degree of surface

coverage on clay surface.
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Figure 5.7 DSC curves of cooling process on HDPE clay nanocomposites.

The crystalinity of the HDPE matrix in HDPE-clay nanocomposites in the
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cooling process on DSC curves was is shown in figure 5.8. Pure HDPE indicated
69.2% of crystallinity. By adding 2wt% of clay and OWax into matrix polymer,
crystallinity of HDPE-clay nanocomposites was 62.0, 69.7, and 68.8% for
LC2-OWax2NC, MC2-OWax2NC, and HC2-OWax2NC, respectively. Crystallinity
of LC2-OWax2NC is smaller than the others, but it can not be seen that crystallinity
depends on surface coverage on clay platelets. With increasing clay and OWax
content, crystallinity of HDPE-clay nanocomposites was gradually increased. At
10wt% of organoclay and OWax, all of HDPE-clay nanocomposites indicated the
similar amount of crystallinity, 73.2, 74.0, and 73.3% for LC10-OWax10NC,
MC10-OWax10NC, and HC10-OWax10NC, respectively. The observed crystallinity
of the HDPE matrix does not show any dependence on the degree of surface coverage
of organoclay through all of the prepared HDPE-clay nanocomposites. The same
trend was reported in the literature [6] wh the partial exfoliation of organoclay
increases the nucleation effect and accelerates the crystallization process. The

confined PP segment in the organoclay interlayer in nanocomposites will be restricted.
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Figure 5.8 Crystallinity of HDPE-clay nanocomposites.

5.3.3 Tensile test

Tensile testing of dumbbell-shaped specimens (Type-4) was carried out at
an elongation late 50 mm/min. The tensile strength of composites, pure HDPE, and
references were shown in figure 5.9. Tensile strength of HDPE was 28.86 MPa.
Two-component OWax-HDPE composites decreased with increasing amount of OWax,
and OWax10-HDPE90 indicated 25.21MPa, which was same as LC10-OWax10NC.
However, LC2-OWax2NC and LC5-OWax5NC were slightly higher than
OWax2-HDPE98 and OWax5-HDPE95, which implied that small amount of loading
of LC prevented drastic reduction of tensile strength. MC2-OWax2NC and
MC5-OWax5NC showed less reduction of tensile strength than the other systems,
OWax-HDPE, LC-OWaxNC, and HC-OWaxNC system, at every concentration of

organoclay loading. This implied that MC was a better reinforcing material than the
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other organoclays.
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Figure 5.9 Tensile strength of pure HDPE, HDPEclay composites, and
two-component OWax-HDPE composites.

Elongation at break of pure HDPE, and two-component OWax-HDPE
composites, and HDPE clay nanocomposites were shown in figure 5.10. Pure HDPE
showed 749.52% of elongation. LC2-OWax2NC exhibited 238.62% elongation.
Incorporation of higher amount of LC and OWax led to reduction of elongation. The
softened due to incorporation of OWax was observed due to the presence of the low
molecular wax weitht in the polymeric matrix [70]. On MC-OWaxNC system, a
drastic reduction of elongation was observed, 15.02, 78.74, and 7.10% at
MC2-OWax2NC, MC5-OWax5NC and MC10-OWax10NC, respectively.  The
tendency of elongation at HC-OWaxNC system, HC2-OWax2NC, HC5-OWax5NC,

and HC10-OWax10NC, was same as that of MC-OWaxNC system, which was 9.52,
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15.67, and 7.55%, respectively.
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Figure 5.10 Elongation at break of pure HDPE, HDPEclay composites, and
two-component OWax-HDPE composites.

5.3.4 Scanning electron microscopy (SEM)

Figure 5.11 shows SEM micrographs of nanocomposites with 5w% and
10w% organoclay loading. The dark area indicated polymer matrix. Apparently
organoclay aggregations were observed in all specimens, and the particles were
homogeneously dispersed in the matrix polymer. Networks of projection were
formed, which surrounded clay particles because the specimens were torn after

quenching in liquid nitrogen.
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Figure 5.11 SEM micrographs of HDPE clay nanocomposites.

The degree of delamination of clay particles were evaluated by aspect ratio.
LC5-OWax5NC  (figure 5.11(a)), MC5-OWax5NC (figure 5.11(b)), and
HC10-OWax10NC (figure 5.11(c)) indicated aspect ratio of 4.55 (+/- 1.53), 4.01
(+/-2.02), and 3.42 (+/-0.7), respectively. This indicated that delamination of clay
particles on LC5-Wax5NC was improved, although there was no difference between
LC5-OWax5NC and MC5-OWax5NC. However, aspect ratio on composites with
10wt% of organoclay loading were 3.90 (+/-1.18), 3.82 (+/-1.25), and 4.01 (+/-1.05)

for LC10-OWax10NC (figure 5.11(d)), MC10-OWax10NC (figure 5.11(e)), and
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HC10-OWax10NC (figure 5.11 (f)), respectively. Average value of aspect ratio on
HC10-OWax10NC was larger than the others. However, Aspect ratios of
LC10-OWax10NC, MC10-OWax10NC, and HC10-OWax10NC can not be thought as

a considerable difference, taking into account of error.

5.4 Conclusion

Organoclays with different degree (low, medium, and high) of surface
coverage were used in formation of HDPE-clay nanocomposites twin screw extruder.
LC showed better intercalation by OWax and HDPE, and it was confirmed that
delamination was improved at HDPE-clay nanocomposites with low organoclay and
OWax loading on X-ray diffractgram. LC played an effective role of nucleating
agents, which resulted in increasing crystallization temperatures.  However,
crystallinity of matrix polymer in HDPE-clay nanocomposites did not depend on
organoclay surface coverage but amount of organoclay loading. Small amount of
loading of LC, 2 and 5wt%, prevented drastic reduction of tensile strength. Particles
of LC were observed on the fracture surface of LC5-OWax5NC and
LC10-OWax10NC on SEM observation. Calculated aspect ratio of the particles on
LC5-OWax5NC was 4.55, which was greater than those of MC5-OWax5NC and
HC5-OWax5NC. It was found that surface coverage of MC was heterogeneity on
X-ray diffractgram. MC also exhibited better intercalation by OWax and HDPE.
However, it was found that delamination of MC was more difficult than that of LC.
MC2-OWax2NC and MC5-OWax5NC showed less reduction of tensile strength than

the other systems. MC also contributed to increase in crystallization temperature,
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which implied that MC played an effective role of nucleating agents for HDPE.
Particles of MC were found on the fracture surface of MC5-OWax5NC and
MC10-OWax10NC. Calculated aspect ratio of the particles on MC5-OWax5NC was
4.01, which was larger than that of HC5-OWax5NC. Both of intercalation and
delamination of clay were not observed on HC at all by X-ray diffractgram, although a
slight collapse occurred on HC. It was found that HC also increased crystallization
temperature on DSC, which implied that HC played an effective role of nucleating
agents for HDPE. Particles of HC were also found on the fracture surface.

Calculated aspect ratio of the HC particles on HC5-OWax5NC was 3.42.
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CHAPTER VI
CONCLUSIONS

The effect of organoclay surface coverage on polymer clay nanocomposites
was investigated on the system of PP and HDPE. The variation of the organoclay
surface coverage was done by

(1) control the adsorption behavior of surface active agents on clay
platelets and organoclay dispersion on the formation of polymer-clay nanocomposites
by two roll mill using the home-made organoclay and

(2) using the commercially available organoclay with the different in the
surfactant surface coverage on the formation of polymer-clay nanocompsoites with PP
and HDPE .

The home-made organoclay was treated with S18 molecules and the
formation of the S18 layer on the organoclay was categorized into three states. The
first state, where S18 forms a flat-lying monolayer, occurred at low loading
concentrations. This state indicated high adsorption efficiency, above 80%, with the
surface energy in the range 40.7 — 46.0 mN m™. Organoclay did not mix with the
OWax because of a mismatch between the surface of the organoclay and the melted
OWax. The second state was the intermediate state. In this state, the monolayer
changed to a double layer formation. OWax interacted only with the portion of the
organoclay that was in double layer formation. The third state was the complete

double layer formation, involving the formation of the flat-lying double layer and
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occurred with high surface coverage. The double layer organoclay was intercalated
with OWax and dispersed as smaller particles. These results demonstrated that
incomplete intercalation caused heterogeneity in the organoclay and created a
non-uniform polymer-clay nanocomposite. Surface energy of the melted OWax
matched that of the organoclay, so that delamination of organoclay was enhanced by
OWax, resulting in smaller platelets. It was confirmed that both the ultimate strength
and toughness of the nanocomposites improved when organoclay was present.
Organoclays with different degree (low, medium, and high) of surface
coverage were used in formation of polymer (PP and HDPE)-clay nanocomposites
twin screw extruder. LC was intercalated by compatibilizers and matrix polymers
because the degree of surface coverage of was lower than those of MC and HC.
However, LC and MC indicated high residual weight, which was comparable each
other. HC did not show any intercalation by compatibilizers and matrix polymers
because organoclay surface coverage on HC was highly-closed packed layers of
surfactant. Therefore, HC indicated low residual weight. Organoclay surface
coverage of MC was heterogeneity between type of surface coverage of LC and HC,
so that MC also indicated better intercalation compatibilizers and matrix polymers.
Both of total surface energy and critical surface tension of organoclays (LC, MC and
HC) depended on the degree of surface coverage of surfactant. Nanocomposites with
smaller amount of LC and MC did not show drastic reduction of tensile strength.
Organoclay (LC, MC, and HC) played an effective role of nucleating agents, but
crystallinity of matrix polymers did not depend on the degree of surface coverage but
amount of organoclay loading. There was a trend that calculated aspect ratio was

higher and lower for LC and HC, respectively, which implied that
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intercalation/delamination of LC was also improved than that of HC. Relative

oxygen permeability on composites with LC was almost same as pure PP.
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