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HIGHLIGHTS GRAPHICAL ABSTRACT

o Functionalized Georgian and Brazilian
clay infused epoxy resin nano-
composites were developed.

e The synthesis was carried out using
mechano-chemical attrition and ultra-
sound irradiation techniques.

e Addition of nanoclay particles improved
thermal and mechanical properties.

e Georgian and Brazilian clay nano-
particles were proved to be effective
fillers when used in moderate
quantities.

ARTICLE INFO ABSTRACT
Keywords: This study focuses on the preparation and characterization of nanocomposite system with bio-based epoxy resin
Biobased epoxy (Super SAP 100/1000, contains 37% bio-based carbon content) and natural clays including Georgian clay and

Georgian clay
Bentonite clay
Mechanical properties
Sonochemical

Surface modification

Brazilian clay. Georgian clay was surface modified using an ultrasound processing in presence of Decalin. Bra-
zilian clay was modified to organophilic bentonite using quaternary ammonium salts. The resulting nano clay
particles were characterized using XRD and TEM to confirm the particle size reduction and uniform distribution.
The as-fabricated nanocomposites were characterized using flexure, DMA, TMA and TGA. The flexure analysis
showed that the modified clay composites have significant improvement in strength (23-38%) and modulus
(28-37%). Delayed thermal degradation was observed from TGA analysis which showed that the major degra-
dation temperatures improved from 7°-25°C. DMA and TMA analysis showed improvements in storage moduli
(4-6%) and coefficient of thermal expansion (CTE) (6-64%), respectively. The notable improvement in thermal
and mechanical properties suggested the effective dispersion and the high degree of polymer particle interaction.
The bio based content present in the Super Sap 100/1000 acts as plasticizer resulting in the extensive ductility of
the polymer.

1. Introduction petroleum resources, sustainable polymer nanocomposites have become
the focus of interest for material scientists and engineers. Thus there is
In view of the escalating environmental concerns and shrinking of an increase in demand for bio-based polymers derived from natural
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sources because of their inherent benefits such as biodegradability,
reasonable cost, ease of access etc., [1]. Among thermosetting polymers,
epoxy resins refer to a characteristic epoxide group represented by three
membered ring known as oxirane or epoxy ring which are highly
strained and reactive [2]. The molecular base of this epoxide group can
be varied widely resulting in the diversity of molecular structure and
thus various classes of epoxy resins. The chemical structure of the curing
agents and the curing conditions influence the epoxy resins to achieve
desirable properties for specific applications [3]. The epoxy resins have
garnered substantial attention due to their intensive application in high
performance coatings, castings and adhesives [3-5] with their versatile
characteristics such as high strength and hardness [6,7], low shrinkage
during cure, good impact resistance, and excellent electrical, chemical
and heat resistance [4,8-10]. Despite the remarkable characteristics of
epoxy resins, they suffer from high brittleness and low toughness [4,11].
Thus to further enhance and to obtain the desired properties of the epoxy
resins, reinforcing them with various inorganic nanofillers has been very
prevalent.

Owing to the increased surface area of interaction between the
polymer matrix and nano filler, the mechanical, thermal, electrical/
electronic and barrier properties and flammability resistance of the
polymers can be substantially improved by addition of few fillers (<5%)
such as clay or other nanoparticles [12-15]. Layered silicates (clays)
have noteworthy effect on polymer composites. Their high intercalation
chemistry leads to better interaction with the matrix, and thus enhance
the properties of the resulting nanocomposites. Also, their high aspect
ratio, ease of availability and low cost have made them to be one of the
ideal nano reinforcements for polymers [2].

Natural clays are suitable candidates as fillers for their layered
structure and high intercalation chemistry. They are widely available
and are also cheap. Georgian clay, found in Georgia, USA, is a layered
structure of kaolinite. Industrially, it is used in the production of pottery,
cosmetics, and medicine. Georgian clay is very cheap. In addition to the
cosmetic usage, consumption of White Dirt (another name for Georgian
Clay) is very common in southern US, especially among African-
American pregnant women [16].

Georgian clays are primarily composed of kaolinite. Kaolinite
[Al5Si;05(0H)4] is an important industrial raw material with numerous
applications in ceramics, paper manufacturing, inks and paints, and in
the production rubber and polymers [17-19]. The most important pa-
rameters to control the technical applicability of kaolinite are surface
area, brightness, crystallinity, and particle size [20,21]. The mechanical
strength, elastic modulus and thermal stability for the polymer com-
posites were significantly improved when infused with kaolinite. Su
et al. performed functionalization of kaolinite by silylation of 3-amino-
propyltriethoxysilane onto the surface of ground kaolinite [22]. The
functionalized kaolinite epoxy nanocomposites have shown improved
storage modulus and glass transition temperatures compared to
non-functionalized kaolinite composites. The silane treated halloysite
nanotube (HNT) and layered double hydroxide (LDH) nanoclays were
reinforced in epoxy resin system and the fire and mechanical properties
were compared for the epoxy composites [23]. The silane treated HNT
nanoclay has shown higher tensile and fire resistance properties
compared to LDH. Cabedo et al. produced kaolinite nanoparticles with a
combination of chemical and mechanical treatment [24]. First, the
aqueous suspension of the clay was sieved followed by ultrasonication.
Then the suspension was dried, milled and suspended in water/DMSO
solution for three days with stirring at 50 °C. Part of the suspension was
also diluted in methanol, and in, octadecylamine. Finally, all three
suspensions were dried and milled in an agate mortar and developed
ethylene-vinyl alcohol/kaolinite nanocomposites. They reported that
the partial exfoliation and intercalation of the clay platelets was the
dominant morphology attained. For clay loading below 8%, they re-
ported an increase in thermal resistance, glass transition temperature,
crystallinity, and barrier properties to oxygen. Zhang et al. worked with
a novel Dbiodegradable nanocomposite based on  poly
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(3-hydroxybutyrate-co-3-hydroxyhexanoate) and silylated kaolinite/-
silica core—shell nanoparticles [25]. With low loading of silane-modified
kaolinite/silica core-shell nanoparticles, they reported increase in the
tensile strength and toughness. Transmission electron microscopy
(TEM) confirmed that filler material was finely distributed in the poly-
mer matrix.

Although several methods were available for the synthesis of the clay
minerals, sonochemical process has proved to be one of the most effi-
cient techniques to generate the nanoparticles with the desired charac-
teristics while retaining the crystalline structure [26-29]. Ultrasound
processing made it possible for a lot of chemical reactions to occur those
which may not be possible by any other means. The reason behind that is
ultrasound is a physical phenomenon that can create the conditions
necessary to drive chemical reactions. One of the most important of
conditions exhibited by wultrasound processing is cavitation
phenomenon-the formation, growth, and implosive collapse of bubbles
in a liquid. The disintegration of the cavities thus formed results in
production of massive energy causing the agglomerated particles to
break down into tinier particles or the occurrence of the chemical re-
actions [30]. Ultrasound can produce a delamination effect in clay
particles and the delaminated clay exfoliate in favorable polymer
matrices [26]. The resulting composite thus have better structural
integration in between the exfoliated clay and polymer matrix which
resulted in improved thermal, mechanical and barrier properties [22,25,
31-33]. Franco et al. modified the kaolinite with ultrasonication and
studied its effect on the thermal behavior [34], and particle size and
structural disorder [26]. Their findings are that the sonication can be
manipulated to produce translation disorder and delamination effect,
and to reduce particle size. Particle size reduction can be controlled by
controlling different variables such as power of ultrasonic processor,
amount of sample and time of the treatment. With the most energetic
treatment for 20 h, they found that surface area got increased from 8.5 to
83 m?/g, and the particle size got reduced.

Brazilian chocolate clay is another cheap clay available locally in
Paraiba province of Brazil. The clay mainly contains bentonite which
can also be used as a filler. Brazilian clays belong to smectite group of
clays; they are poly-cationic, and they could be trans-formed into sodium
bentonites [35]. They are composed of layers of two silica tetrahedral
sheets with a central alumina octahedral sheet. The metallic ions
occupying the interlayer space are predominantly Ca?* ions and can be
replaced with Na™.

Valenzuela-Diaz et al. described the preparation of organophilic
clays from Brazilian smectite clay [36-38]. They dispersed the clay in
deionized water and sodium carbonate. After stirring the suspension for
30 min at 97 °C, quaternary ammonium salt - Arquad 2HT-75 and
Arquad B50 was added at a concentration equivalent to 1.1 CEC of the
clay. The suspension was then filtered, washed with deionized water,
dried and stored at room temperature. Aratijo et al. also prepared
organophilic bentonite clay from the industrial bentonite sample which
is originated from Boa Vista, PB, Brazil [39-42]. Bentonite clay was
mixed with an aqueous solution of quaternary ammonium salt by me-
chanical stirring. The mixture was then washed several times with
deionized water to remove excessive salts. Then the mixture was dried at
60 °C for 48 h and finally sieved in 200 mesh. Aratjo et al. worked with
the processing and characterization of polyethylene/Brazilian clay
nanocomposites [40]. They used organically modified bentonite with
four types of quaternary ammonium salts. They reported that all the
quaternary ammonium salts were intercalated between two basal planes
of the clay. They also reported improved thermal stability and flam-
mability resistance. Furthermore, electron-beam treated HDPE com-
posites reinforced with rice husk ash and the Brazilian clay showed great
improvement in tensile, flexural and impact properties with a high
cross-linking degree of 85% [43]. The thermal stability and fire behavior
of organoclay filled PLA nanocomposites was enhanced due to the effi-
cient dispersion and the compatibility between polymer and nano-
particles [44,45].
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In the recent years epoxy/clay nanocomposites have been widely
studied and are used in various applications such as tooling, laminates,
molding castings and coatings [5]. However, driven by the need for
lowering the global impact due to biodegradability, scientists are
compelled to develop promising alternatives to recalcitrant petroleum
based polymers. To-date, the inexplicable properties of bio-based epoxy
nanocomposites with bio-based fillers are not yet completely unveiled.
Hence, the current work focuses on the green material design where
biodegradable epoxy nanocomposites are developed with comparable
mechanical and thermal properties as of traditional ones.

In this work, we present the preparation and characterization of bio-
based epoxy resin (Super SAP 100/1000, contains 37% bio-based carbon
content) nanocomposites incorporated with bio-sourced, modified
Georgian and Brazilian clay nanoparticles. The collected Georgian clay
is subjected to ultrasonication to reduce the particle size. The Brazilian
clay is modified using the quaternary ammonium salts. Thus obtained
nano clay particles are then dispersed in biobased epoxy resin using
ultrasonication and non-contact mixing to produce uniform dispersions
and cured at room temperatures. The samples are then characterized for
thermal and mechanical properties.

2. Materials and methods
2.1. Materials

A bio-based epoxy resin, Super Sap® 100,/1000 with 37% bio-based
carbon content epoxy was used for the development of polymer nano-
composites. This was a two-part epoxy resin with Part- A being Super
Sap® 100 Epoxy, a modified, liquid epoxy resin and part B being Super
Sap® 1000 Hardener. Super Sap® 100/1000 epoxy resin system was
purchased from Entropy Resins Inc., San Antonio, CA. Unlike conven-
tional epoxies, Super Sap® formulations contain bio renewable mate-
rials which are co-products from pine-based feedstocks or from waste
streams of other industrial processes, such as wood pulp and bio-fuels
production. The natural components results in excellent elongation
and exceptionally high mechanical properties with good adhesion, fast
room temperature cure cycle and good wettability [46]. This formula-
tion has significantly contributed to the environmental factors by
minimizing the carbon monoxide and greenhouse gas emissions to 50%
and by elimination of harmful by-products and as such gained the
United States Department of Agriculture (USDA) Bio Preferred™ Prod-
uct classification [47]. The performance and the processing data for
Super Sap® 100/1000 epoxy resin system is shown in supplementary
material in Table S1.

Georgian Clay, also known as White Clay was obtained locally. As the
name implies, it was originated from Georgia, US. White clay mainly
comprises of layers of Kaolinite. Georgian clay (white dirt) is Kaolin clay
is widely used for medically to treat diarrhea, dysentery, cholera, and is
also used in paper making, paint, fiberglass, porcelains and toothpaste.
This is a high grade material. Some of the most popular products that
have been made with kaolin (white dirt) are Kaopectate, Rolaids, Di-gel,
Mylanta, and Maalox.

Brazilian Clay was received from Boa-Vista, PB, Brazil. This partic-
ular variation, which is found in abundance locally, is called chocolate
clay, and is mainly comprised of sodium bentonite.

Brazilian Clay (Organophilic Bentonite) is also well known and we
have modified following the published procedure [48]. The Brazilian
clay (32 g) was dispersed in water (768 g) and kept under constant
stirring. After 20 min an aqueous solution of the quaternary ammonium
salt (20.4 g salt in 20 g water) was added and the resulting dispersion
stirred for 20 min longer and left to rest at 25 °C for 24 h. The dispersion
was filtered, washed with water and dried in an oven at 60 °C for 48 h.
The treated clay was de-agglomerated with a mortar and pestle and
sieved through 100 mm sieve before being used.

Decahydronaphthalene (Decalin), mixture of cis + trans with reagent
grade 98% (Model no: MFCD00004130) is used for functionalizing
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nanoparticles using ultrasonication was obtained from Sigma Aldrich,
St. Louis, MO. Denatured reagent grade ethanol (CH3CH2OH) used for
washing the decalin and the precipitate was also purchased from Sigma
Aldrich, St. Louis, MO.

2.2. Modification of nanoparticles

The collected lumps of Georgian clay were ground using agate
mortar to obtain very fine powder (GCGD). The powder was then
dispersed in decalin (50 ml for each gram of GCGD), and the solution
was ultrasonicated for 3 h using 50% amplitude of 20 kHz vibration at
the 4 inch probe tip. Ultrasonication was carried out using a Sonics vibra
cell ultrasound, modeled as WCX 750. This unit consists of ultrasonic
liquid processor of 750 W output with 20 kHz, 100 W/cm? converter and
a flat titanium horn of 19 mm in diameter. After sonication, the solution
was washed with ethanol and centrifuged at 5000 rpm for 5 min using
Allegra 64R, Beckman Coulter Benchtop Centrifuge. After removal of the
solvent, the precipitate was again washed with ethanol and centrifuged.
This procedure was repeated until a clear solution over the precipitates
was found. The ethanol was then decanted from the precipitate. The
precipitate was then vacuum dried for 24 h to obtain the final nano-
powdered white clay (GC3D).

The as collected Brazilian clay (BSOD) was characterized, and vac-
uum dried before use. The clay was modified by the addition of a qua-
ternary salt and sodium carbonate and underwent the processes of
dispersion into water, stirring and heating for a determinate time, and
was filtered and dried for the disaggregation of one particle in another,
and finally characterized. The modified Brazilian clay is obtained by
following the synthesis procedure described by Ref. [49]. The nano-
particles that were obtained during the process were labeled along with
their corresponding nanocomposites in Table 1.

2.3. Development of the nanocomposites

The clay nanoparticles were infused into the Super Sap® 100/1000
resin and the thermal and mechanical properties of thus obtained
nanocomposites were evaluated. Firstly, about 100 g of part A of the
epoxy was measured in a beaker and the nanopowder clay was added in
1, 2 and 3 wt% categorically. This mixture was ultrasonicated for 15 min
using a 2:1 on-off cycle with 50% amplitude to prevent agglomeration of
the particles using Sonics vibra cell ultrasound, WCX 750. Subsequently,
the ultrasonicated mixture was magnetically stirred for 30-45 for uni-
form and effective dispersion of nanoparticles. Finally, the hardener,
part B of the epoxy was added in a ratio of 100:48 for part-A and part-B
for each of the specimens. The resulting mixture was then mixed (2000
rpm, 5 min) and defoamed (2200 rpm, 3 min) in a planetary non-contact
mixer (Thinky mixer, ARE-250).

The mixture was then poured into silicon rubber molds (size
compliant with ASTM standard) for flexure and DMA test. The mixture
in silicon molds was then cured for 24 h s at controlled room tempera-
ture (25 °C) followed by post curing for 2 h at 48.9 °C in oven (Isotem
200 series-230 F). The specimens were then allowed to cool for 3 h at
room temperature. The specimens thus obtained meets specific di-
mensions for characterization and were stored.

Table 1

Labels of nanoparticles and nanocomposites.
Nanoparticle  Description Relevant

Nanocomposite
GCGD Georgian Clay, grounded by hand SS/GCGD
GC3D Georgian Clay, sonicated for 3 h in SS/GC3D
Decalin

BSOD Brazilian Clay, Sodium Bentonite SS/BSOD
BORG Brazilian Clay, Organophilic Bentonite SS/BORG
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2.4. Experimentation of the nanocomposites

The nanoparticles characterized using X-ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM). For XRD, a Rigaku-DMAX-
2000 X-ray diffractometer which is equipped with Cu Ka radiation (A
= 1.54 A°) was used at 40 KV and 30 mA, 5°/min scanning rate, and
0.020 sampling width from 3° to 80° of 26 angles. A JOEL 2010 TEM unit
was used to conduct transmission electron microscopy (TEM). Nano-
particles were first dispersed in ethanol and then 1 pL of the solution is
dispensed on copper grid which was observed in TEM with an operating
voltage of 80 kV.

The thermomechanical properties of the developed nanocomposites
were analyzed using flexure, TGA, DSC, TMA, and DMA analysis. Epoxy
composites are mostly used for structural applications such as laminates
and tooling. Hence, it is important to understand the mechanical
behavior of such epoxy composites. The flexure properties of the
developed nanocomposites were evaluated by three-point bend loading.
The flexure test was followed according to ASTM D790 — 10 procedure B
[50]. Flexure test specimens with span to thickness ratio (I/d) of 16, with
the dimensions as 90 x 12 x 4.5 mm were studied. The span support
length of the specimen is 72 mm. A Zwick/Roell Z2.5 materials testing
system with 2.5 kN load cell which consists of TestXpert data acquisition
system was used for flexure test. Strain rate of 20 mm/mm/sec and cross
head speed of 1.6 mm/min were considered for conducting flexure test.
Five specimens were tested for each of the mechanical tests and the
average of the results was considered.

The fracture surface of the specimens that underwent flexure analysis
were analyzed using scanning electron microscopy (SEM). A JEOL JSM-
5800 SEM was used to perform microstructural analysis. The specimens
were coated with gold/palladium (Au/Pd) for 5 min at 10 mA, 5 V and
20 millitorrs using Hummer 6.2 sputter coater system purged with
Argon gas.

Thermogravimetric analysis (TGA) was carried out using a ther-
mogravimetric analyzer, Q-500 from TA Instruments. Approximately 12
mg were cut from the specimens and were loaded in platinum sample
pan. The samples were heated up to 650 °C ramped at 5 °C/min in ni-
trogen environment (60 mL/min). TA Universal Analysis software is
used to analyze the data that is obtained from the TA instruments.

For differential scanning calorimetry (DSC), a differential scanning
calorimeter, Mettler Toledo was used to analyze thermal properties of
the specimens. Approximately 10 mg-12 mg of the samples were cut
from the developed nanocomposite specimens and were sealed in
aluminum pans for testing. Each sample was heated up to 200 °C with a
heating rate of 5 °C/min in nitrogen environment (60 mL/min).

Thermomechanical analysis (TMA) was carried out using Q-400 from
TA Instruments in expansion mode. Specimens of dimensions 90 x 12 x
4.5 mm were considered and were subjected to constant probe force of
0.2 N with a heating rate of 5 °C/min up to 150 °C in nitrogen envi-
ronment (50 mL/min) following ASTM D696 - 08 standards [51]. Co-
efficient of thermal expansion (CTE) was determined from this test by
evaluating the ratio of change in length of the specimen due to heating
or cooling per unit length of the specimen and the change in the tem-
perature [51]. The CTEs were evaluated in the ranges of 30-70 °C and
110-140 °C using TA Universal Analysis software.

For dynamic mechanical analysis (DMA), a dynamic mechanical
analyzer, Q-800 from TA Instruments purged with nitrogen gas (50 mL/
min) was used with a heating rate of 5 °C/min up from 30 °C to 150 °C.
The mode of loading was double cantilever with a vibration frequency of
1 Hz for the specimens of dimensions 35 x 14 x 4.5 mm.

3. Results and DISCUSSION
3.1. Characterization of Georgian Clay

The as received Georgian clay was hand ground to obtain a fine
powder. Fig. 1(a) shows the X-ray diffraction pattern of the ground
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Georgian clay (GCGD). The pattern suggests that the Georgian clay is
highly crystalline, and it is similar to kaolinite — Al2(Si205)(OH)4
(JCPDS-PAf #78-1996). Kaolinite has a layered silicate structure.
Crystalline Kaolinite particle sizes are estimated from the X-ray pattern
using full-width-half-maxima (FWHM) method and Debye-Scherrer
formula. The estimated crystallite size from the 100% peak of the X-
ray pattern of (001) plane was found to be 28.4 nm.

Ultrasonic irradiation using a low vapor pressure solvent (Decalin)
can create high temperature and pressure conditions which are
responsible for chemical oxidation and reduction reactions [52]. Ultra-
sonication generates bubbles that get bigger, as a result of the vapor
pressure difference. As more power is introduced, the bubbles get
enlarged. Finally, the bubbles collapse and that create enormous local
heat (temperature >5000 K), pressure (>20 MPa) and high cooling rate
(>107 K/s). This localized effect leads to the breaking of the solute
particles into smaller sizes and can cause much structural and chemical
change in the resulting particles. Fig. 1(b) shows the X-ray diffraction
pattern of the ultrasonicated Georgian clay (GC3D). Sonication did not
cause any kind of amorphization in the clay structure. The structure is
still kaolinite. However, ultrasonication caused the X-ray peak
widening, which suggests the particle size reduction. Particle sizes were
calculated using the FWHM method and Debye-Scherrer formula from
the 100% peak of the x-ray pattern at (001) lattice plane. The estimated
crystallite sizes were found to be 20 nm.

Layered clays show another significant effect that can be triggered by
ultrasonication which is the expansion of the clay layers. With suitable
solvent and reaction environment, the organic cation from the precursor
can replace the exchangeable cations that are present in between the
silicate layers. Cavitation - the formation, growth, and implosive
collapse of bubbles in ultrasonication with a low vapor pressure solvent
can lead to such a result. In this experiment, the organic cation of
Decalin can be exchanged with the ions in between silicate layers of
kaolinite and thus can expand interlayer space which might have
resulted in the increase of d-spacing (See Supplementary Fig. S1). This
expanded clay structure is useful for the clay to be used as a filler in the
polymer matrix as it allows favorable diffusion of polymer in between
the interlayer spacing [2]. As such, the enhanced dispersion ability of
clay materials with nano thickness of individual layers, high aspect ratio
and large surface area facilitates the improved thermal, optical, barrier
as well as mechanical properties of the polymer nanocomposite [53,54].

Expansion of d-spacing of such clay structure is verifiable from the x-
ray diffraction pattern of the resulting particles. Fig. 1(c) and (d) show
the x-ray diffraction pattern of the Georgian clay before (GCGD) and
after the ultrasonication (GC3D) in the low Bragg angle zone (5-15°). As
evident from the figure, ultrasonication has caused the clay to be slightly
expanded. For the as it is clay (GCGD), the peak from the (001) lattice
plane occurs at the Bragg angle of 12.460° with a d-spacing of 7.0978 A.
After modification with ultrasound (GC3D), the peak shifted to a Bragg
angle of 12.320° with d-spacing of 7.1875 A. Thus, the (001) plane is
expanded by about 0.1 A. Also the peak of GCGD at 20 = 9.060° and
9.7525 A d-spacing is expanded to 20 = 8.817° and 10.0207 A after
modification. This plane is expanded by about 0.3 A. The expansion of
kaolinite layers clearly indicates that ultrasonication in the presence of
Decalin has organically modified the Georgian clay. Earlier researchers
have reported intercalation/exfoliation with modification of kaolinite
with other solvents and have found similar increment of d-spacing
[55-57]. However, depending on the solvents and other precursors, and
the operating, working, and experimental condition, the actual amount
of d-spacing expansion varies.

Particle size, shape and distribution of the Georgian clay both before
and after the ultrasonication were examined by TEM. Fig. 2(a) shows the
TEM image of the as received Georgian clay. As seen from the micro-
graph, the particles are highly agglomerated. Furthermore, the size of
the platelets is observed to be higher compared to the crystallite size
obtained from XRD. The discrepancy in the size might be due to the
structure of clay particles which are in the form of platelets. The FWHM
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Fig. 1. X-ray diffraction pattern of (a) ground (GCGD) and (b) ultrasonicated (GC3D) Georgian clay; d-spacing expansion of (¢) ground (GCGD) and (d) ultra-

sonicated (GC3D) Georgian clay.

method and Debye-Scherrer formula are efficient for calculating the
crystallite sizes which are spherical in shape. The higher resolution
version of the as received Georgian clay (Fig. 2(b)) suggests that the clay
has a layered structure. The micrographs clearly show the individual
platelets of the clay. However, the platelets are irregular in their size and
shape. Ultrasonication breaks the agglomerated nanoplates into further

smaller size (Fig. 2(c)) with the layered structure of kaolinite thus pro-
moting exfoliation. The size and shape of the individual layers are much
more regular after sonication. The higher resolution version, Fig. 2(d),
also reveals the layered structure.

Fig. 2. TEM micrographs of Georgian clay (a) before sonication (GCGD), (b) expanded view of GCGD, (c) after ultrasonic modification (GC3D) and (d) expanded

view of GC3D.
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3.2. Characterization of the Brazilian Clay

Brazilian clays are smectite clays. The as received Brazilian clay was
sodium bentonite clay. It contains mostly Na® cation in between the
smectite layers. Fig. 3(a) shows the X-ray diffraction pattern of sodium
bentonite clay (BSOD). As shown from the pattern, Brazilian clay is
purely crystalline. However, the x-ray pattern did not match with JCPDS
database. The crystallite sizes of the clay were determined using Debye-
Scherrer formula and FWHM method from the 100% peak of the pattern.
The estimated crystallite sizes were found to be 71.6 nm.

Brazilian clay was modified with quaternary ammonium salts. The
modified clay is also characterized for x-ray diffraction, and the x-ray
pattern is shown in Fig. 3(b) which shows that the clay is crystalline after
modification. However, the 100% peak of the pattern is widened, sug-
gesting that the particle size is changed. The estimated particle size of
modified clay was determined using Debye-Scherrer formula and FWHM
method, and it was found to be 43.3 nm.

Modification of the Brazilian clay resulted in the entrapment of the
quaternary ammonium organic cation in between layers of the bentonite
clay. The polyatomic organic cation actually replaced the exchangeable
Na' and other cations in between the layers [38,58-60]. This has
resulted in the expansion of the clay structure. The expansion of the clay
structure is evident from the change in d-spacing of particular planes in
the x-ray pattern. As seen from Fig. 3, the first peak of sodium bentonite
is found at a Bragg angle, 20 = 6.700° and d-spacing of 13.1817 A.
However, this peak has shifted to Bragg angle, 20 = 4.739° and 18.6323
A d-spacing after organophilic modification with quaternary salts. This
has caused an overall d-spacing expansion of 5.4506 A. This significant
amount of d-spacing expansion suggests that the Brazilian clay will
follow the intercalated or exfoliated nanocomposites model while being
used as a filler. Thus, modified Brazilian clay will have better interaction
with the polymer in a nanocomposite system compared to the unmod-
ified clay [61]. Earlier researchers who reported intercalation/exfolia-
tion of the fillers in nanocomposites [36,62] have also found similar
expansion of d-spacing for both Montmorillonite and Bentonite clays —
the two clays are similar in their structure and belongs to the same
smectite group of clay minerals [35].

In this study, the maximum expansion of the Georgian clay is found

(a)

18.6323 A°
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around 0.1 A when ultrasonicated in the presence of decalin. For the
Brazilian clay, the expansion is around 5.5 A. It is to be noted that the
modification of Brazilian clay was done with quaternary ammonium salt
in an experimental condition that leads to a chemical reaction between
the precursors. This has resulted in an increased interspacing distance
between the clay layers. Whereas, Georgian clay is modified by simple
sonochemical technique where decalin is used for functionalization.

The size, shape and distribution of the particles and the structure of
the Brazilian clay were observed by TEM. Fig. 4(a) shows the TEM image
of the as received Brazilian clay, sodium bentonite (BSOD). The particles
are highly agglomerated; their size and shapes are much irregular. The
crystalline structure of sodium bentonite is evident in the higher
magnification version in Fig. 4(b). It also shows the layered structure of
the Brazilian clay. Fig. 4(c) shows the TEM micrographs of the orga-
nophilic Brazilian clay. The micrograph clearly indicates the absence of
particle agglomeration. The particle size is reduced below 50 nm, and
the distribution of particle size is also even. The layered structure of the
organophilic bentonite is also evident. Fig. 4(d) reveals that organo-
philic clays are also crystalline. It also confirms the particle size
reduction.

3.3. Characterization of the nanocomposites

3.3.1. Flexural analysis

Three point bending test (flexure test) is used to evaluate the flexural
properties like strength and modulus of all nanocomposite systems ac-
cording to the ASTM standard D790. The flexural behavior of the Super
Sap 100/1000 epoxy resin incorporated with ground Georgian clay (SS/
GCGD), ultrasonicated Georgian clay (SS/GC3D), as received Brazilian
clay (SS/BSOD) and organically modified Brazilian clay (SS/BORG)
nanocomposite systems for 1%, 2% and 3% filler loadings are shown in
Fig. 5(a—d), respectively.

Table 2 summarizes the flexural properties of the Georgian clay and
Brazilian clay filled nanocomposite systems. The results in Table 2 show
that the maximum flexural strength is found for 1% filler loading of the
GC3D, and the maximum flexural modulus is found for 2% filler loading
of the same. Thus, flexural strength is improved up to 37.64%, and the
modulus is improved up to 37.05%. For BORG clay loading, the

Brazilian Clay, Sodium Bentonite - BSOD

Intensity

(b)

13.1817 A°

Brazilian Clay, Organophilic Bentonite - BORG

10 20 30

50 60 70 80
20 ()

Fig. 3. X-ray diffraction pattern of (a) sodium bentonite- BSOD and (b) organophilic bentonite- BORG.
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Fig. 4. TEM micrographs of Brazilian clay (a) sodium bentonite (BSOD), (b) expanded view of BSOD, (c) organophilic bentonite (BORG) and (d) expanded view

of BORG.

maximum flexural strength is found for 1% loading of BORG, and the
maximum flexural modulus is found for 2% loading of the same which
shows an improvement in flexural strength up to 33.13% and in flexural
modulus up to 30.25%. Prakash et al. [63] reported that 3 wt% of Kaolin
reinforced epoxy has highest flexural strength of 73.325 MPa for
crosshead speed of 7 mm/min when compared with 0-7.5 wt% for
crosshead speeds of 3, 5 and 7 mm/min. Zhou et al. [64] reported 13.5%
improvement in flexural strength for 1-4% of montmorillonite clay
loaded carbon/epoxy composites. Whereas, Singh et al. [65] showed
that when montmorillonite clay is dispersed in epoxy by hand mixing
and ultrasonication, there is 32.9% improvement in flexural modulus
compared to the neat epoxy. These results comply with the present
findings in the study.

For both Georgian and Brazilian clay filled nanocomposites, the
flexural properties for the modified clay filled nanocomposites (SS/
GC3D and SS/BORG) has shown greater improvement compared to
unmodified clay composites (SS/GCGD AND SS/BSOD). The flexural
strength and modulus has increased for all the variations of clay filled
nanocomposites compared to the neat epoxy system subjected to the
same processing and testing environment. However, for most of the
nanocomposites, the strain at maximum stress is not much changed. This
behavior suggests that the ductile behavior of Super Sap 100/1000
epoxy polymer is not influenced much with the addition of nanoparticles
as filler [66]. This is particularly interesting, because it suggests that the
structural interaction between fillers and the matrix has only influenced
to improve the flexural strength and modulus of the nanocomposites.
Hence, the particles and matrix interaction was due to the physical effect
of filler addition and there was no crosslinking or chemical bonding
between them [67,68]. The enhancement of the flexural properties for

SS/GC3D is partly attributed to the decrease in the particle sizes of the
clay after ultrasonication, which in turn has increased the surface area of
the nanoparticles. This has resulted in increased interaction in
filler-polymer interface and thus has improved flexural properties. Also,
the particle size distribution being more even may have caused better
dispersion of the clay as filler in the polymer matrix. As evident from the
TEM micrographs of GC3D (Fig. 2(d)), ultrasonication has also produced
the expanded layer effect on the clay. The clay layers are thus more
separated. Provided that, exfoliated layered clays act as separate parti-
cles, and thus lead to good dispersion of the fillers [69]. There was also a
slight increase in d-spacing in the clay structure as evident from the
X-ray pattern (Fig. 1). On the other hand, the TEM micrographs of the
BORG (Fig. 4(d)) also has suggested that particle size distribution is
more even which has had caused better dispersion of the clay as filler in
the polymer matrix. Most importantly, there is also an increase in
d-spacing in the clay structure as evident from the X-ray pattern (Fig. 3)
which suggests the reduction in particle size and expanded clay
structure.

Overall, the particle size reduction as well as the expanded clay
structure might have resulted in better interaction between the clay and
the matrix [70]. Owing to these effects, the interaction between the
polymer and clay might have increased which resulted in the improved
material’s resistance to mechanical loading in flexural test.

Fig. 6 shows the SEM micrographs of the fracture surfaces for the
flexural analysis of SS/Neat, SS/GC3D (1 wt%) and SS/BORG (1 wt%)
along failure plane. The fracture surface of the neat epoxy system is
smooth and does not show any intricate features as shown in Fig. 6(a).
Uninterrupted crack propagations were observed in smooth vertical
paths along the thickness direction. The fracture surface suggests a
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Fig. 5. Flexure behavior of the nanocomposites (a) SS/GCGD and (b) SS/GC3D (c) SS/BSOD and (d) SS/BORG with 1, 2 and 3 filler percentage.

Table 2
Flexural properties for the Georgian clay based nanoparticles filled composites.

Filler Amount (wt.%) Strain at Max. Stress (%)

Max. Stress (MPa)

Flexure Modulus (GPa) Increase in Strength (%) Increase in Modulus (%)

SS/Neat 0 6.05 + 0.27 77.48 £ 3.14
SS/GCGD 1 6.12 + 0.13 103.97 + 2.13
SS/GCGD 2 5.93 + 0.08 100.11 + 2.88
SS/GCGD 3 5.68 + 0.29 99.29 + 4.81
SS/GC3D 1 6.30 = 0.21 106.64 + 2.14
SS/GC3D 2 5.08 £ 0.91 103.05 + 3.21
SS/GC3D 3 6.16 + 0.13 102.92 + 1.5
SS/BSOD 1 5.92 +0.55 103.01 + 4.07
SS/BSOD 2 5.46 £+ 0.44 96.71 £ 7.79
SS/BSOD 3 5.4 +0.11 96.3 + 5.77
SS/BORG 1 5.63 = 0.22 103.15+ 0.9
SS/BORG 2 4.8 £ 0.69 97.48 + 3.15
SS/BORG 3 4.21 £ 0.06 95.32 + 1.87

1.95 £+ 0.06 0.00% 0.00%

2.49 £ 0.15 34.19% 27.79%
2.40 + 0.14 29.20% 23.08%
2.50 £0.17 28.15% 28.21%
2.51 + 0.06 37.64% 28.72%
2.67 £ 0.13 33.00% 37.05%
2.53 + 0.05 32.83% 29.95%
2.49 +£0.16 32.95% 27.69%
2.43 £ 0.36 24.82% 24.36%
2.5+ 0.39 24.29% 28.21%
2.51 £0.15 33.13% 28.72%
2.54 + 2.54 25.81% 30.25%
2.5+ 0.04 23.03% 28.21

brittle fracture as the crack propagation is incessant. The fracture sur-
face of SS/GC3D nanocomposite system with 1 wt% of filler which ex-
hibits highest increase in strength is shown in Fig. 6(b). The surface of
the SS/GC3D system is rough with wavy texture which indicates the
increase in strength due to the interfacial bonding strength between the
nanoparticles and the polymers [71]. Additionally, this also implies the
improved ductility of the system. No visible voids and particle ag-
glomerations were found on the surface suggesting the effective
dispersion of the nanoparticles. The cracks were present all over the
surface. The crack propagates along the ridge patterns and the wavy
textures delaying the failure of the specimen, thus exhibiting the
improved strength of the composite. On the other hand, the surface of
the SS/BORG nanocomposite system with 1 wt% filler exhibits cavities.
Voids localize the stress concentration resulting in the premature failure

of the material [72]. Hence, the strength of the system deteriorates
compared to that of SS/GC3D.

3.3.2. Thermogravimetric analysis

Thermal stability of the nanopowdered clay infused composite sys-
tems is analyzed using thermogravimetric analysis (TGA). Fig. 7(a) and
(b) show the TGA weight loss and derivative weight loss curves of SS/
GC3D and SS/BORG with 1%, 2% and 3% of filler loading, respectively.
Both the onset temperature and the major degradation temperature of
SS/GC3D and SS/BORG were improved as compared to SS-Neat. Thus,
the thermal stability of the nanocomposite was improved.

TGA thermographs of the nano clay filled nanocomposite systems
showed degradation at two different temperatures. The first one is at
around 200 °C, which is a minor degradation and the major degradation
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Fig. 7. TGA thermographs of (a) SS/GC3D and (b) SS/BORG nanocomposites.

has occurred at around 350 °C. The first degradation can be assigned to
the decomposition of bio-based content of the Super Sap 100/1000
epoxy polymer [66,73,74]. The major degradation is attributed to the

Table 3
Summary of Thermogravimetric analysis.

remaining petroleum-based content in Super Sap 100/1000 epoxy oFiHef Onset Point Major Degradation Residue Left

polymer. % Qo) Qo) D)
Table 3 summarizes the TGA data of all the nanocomposite systems SS-Neat 0 315.51 335.72 4.364

with Georgian clay and Brazilian clay at 1%, 2%, and 3% of filler 88/ 1 328.49 353.86 6.108

loading. The improvement in onset (10-13 °C) and major degradation SS(/;CBD 5 398.8 360.96 5759

temperatures (7-25 °C) suggests that the nanocomposites are thermally GC3D

more stable than the neat system, SS/Neat. Furthermore, the amount of Ss/ 3 327 350.71 6.577

residue left has increased compared to the neat epoxy system suggesting GC3D

the improvement of fire retardant ability for the composite. Table 3 ssg ORG E 325.97 343.11 7:349

shows that the SS/GC3D composite with 2% filler loading has the ss/ 5 326.74 352.85 6.681

highest onset temperature and major degradations temperatures which BORG

were improved by 13 °C and 25 °C compared to the SS/Neat system, SS/0 . 3 327.89 354.61 7.433

BOR!

respectively. Zhou et al. [64] reported 6 °C increase in decomposition
temperature for 2 wt% clay modified carbon/epoxy composite. For
Kaolinite reinforced in epoxy resin nanocomposite systems, Su et al.
found that temperature at 5% weight loss decreased with the Koalinite
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loading. These results suggest that the findings in the present study have
shown in significant enhancement in thermal properties.

The weight loss progression is alleviated due to the presence of clay
particles suggesting that the exfoliated clay enhances the thermal sta-
bility [75]. The nanoclay particles infused in the composite systems
retard the thermal degradation by formation of incombustible and
insulating char [74]. Formation of char at the initial stages results in the
imperviousness of the volatile components that favors the decomposi-
tion. Furthermore, the layers of the clay act as a mass transport barrier to
the volatile products generated during decomposition and thus impede
the emission of the gaseous degradation products [2]. This suggests that
the nanostructure of clay plays an important role in improvising the
thermal stability of the nanocomposite. The nano clay particles hinder
the evaporation of the small molecules generated in the thermal
decomposition limiting the continuous decomposition of the polymer
matrix [76]. This mechanism is shown to be effective in both Georgian
and Brazilian clay filled nanocomposites.

3.3.3. Differential scanning calorimetry

The DSC heating curves of SS/GC3D and SS/BORG with 1%, 2%, and
3% loading of the filler is shown in Fig. 8(a) and (b), respectively. The
onset and the glass transition (T,) temperatures of SS/GC3D and SS/
BORG have slightly decreased compared to SS/Neat with the rein-
forcement of nano clay particles. Similar observations were found in the
literature [11,70,77,78]. The overall cure behavior of the Super Sap
100/1000 epoxy remains unaltered for the composite systems infused
with nanoclay particles.

The endothermic reactions that were present in the temperature
range of 50-60 °C in Fig. 8 might be due to the melting or similar phase
change of bio based content which also showed the minor decomposi-
tion in Fig. 7. This bio-based content most likely acts as a plasticizer
[77]1, which are small molecule chains that prevent any cross linking
between the polymer due to the presence of filler materials. The
bio-based content thus increases the plasticity (ductility) of the polymer.
In addition to that, the presence of the exfoliated nano clay particles in
the epoxy might have restricted the motion of the polymer chains in the
epoxy network which resulted in the non-improvement of the glass
transition temperature [11]. Hence, the enhanced mechanical and
thermal properties of the nanocomposite systems might be due to the
effective particle dispersion in the polymer matrix rather than the
polymer cross linking.

3.3.4. Thermomechanical analysis

The dimensional stability of the nanocomposites infused with clay
fillers were studied by comparing the coefficient of thermal expansion
(CTE) in thermomechanical analysis (TMA) using the expansion mode.
The dimensional stability is evaluated from the slope of the curves both
before (30° - 70 °C) and after (110° - 140 °C) T,. Fig. 9(a) shows the
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dimensional change of the Georgian clay filled nanocomposites, SS/
GC3D, with temperature for varying (1%, 2% and 3%) filler percentages
and Fig. 9(b) shows the TMA curves of SS/BORG. The CTE of both the
composites is lowered before and after Tg as compared to SS/Neat. Thus,
the overall dimensional stability of SS/GCGD and SS/BORG has
improved. However, T, has not changed significantly.

Table 4 summarizes the TMA behavior of the nanocomposites. The
CTE of the nanocomposites, irrespective of the filler content decreased
up to 64% before Ty compared to the neat polymer. The CTE after Tg has
also improved up to 15%. The maximum improvement in terms of
dimensional stability is found for 3% loading of BORG in SS/BORG.
However, the improvement for 2% filler in SS/GC3D is also worth
noting. For the epoxy systems filled with seven different fillers with 50
wt%, the CTEs decreased from 7% to 38% [79]. Su et al. [22] found that
with the infusion of modified Kaolinite in the epoxy system, the CTE
values decreased with the increase in the clay content. The findings from
the present study yielded satisfactory results with the low amount of
filler loadings whereas higher amount of loadings might result in the
agglomeration of particles which deteriorates the mechanical properties
[71]. The extent of CTE reduction might be due to the particle rigidity,
dispersion of clay in the matrix, and efficient stress transfer to the clay
layers. The inorganic fillers being stiffer compared to the matrix, are
resistant to deformation and as such decreases the overall strain of the
matrix leading to the increased dimensional stability [71]. In addition to
that, the retardation of the chain movement in a clay filled nano-
composite can also benefit the decrement of CTE.

3.3.5. Dynamic mechanical analysis

The viscoelastic behavior of the nanocomposites is analyzed using
dynamic mechanical analysis (DMA). DMA curves for the Georgian clay
filled nanocomposites, SS/GC3D, are shown in Fig. 10(a). The storage
modulus was improved for both 2% and 3% of filler loading whereas loss
modulus was improved for all percentages of filler loading. The T of the
nanocomposite, both by tan delta and loss modulus is not improved (See
Supplementary Material Table S2). However, the change in Ty is not
significant. Maximum improvement for the storage modulus (6.42%) is
obtained for 2% of the GC3D clay loading in the nanocomposite.
Improvement in loss modulus (7.09%) is highest for 3% of clay loading.
Zhou et al. [64] found significant improvement of 58% in storage
modulus for 2 wt% clay loading in epoxy composite. Su et al. [22] re-
ported about 24.5% increase in the storage modulus for the modified
Kaolinite infused epoxy composite when compared to the pure epoxy.

Fig. 10(b) summarizes the viscoelastic properties of the Brazilian
clay filled nanocomposites, SS/BORG. Change in the properties is
recorded for different filler percentage variation. The filler loading of
1% exhibited improvement in both storage (3.64%) and loss (3.87%)
moduli.

The mechanical properties and the thermal stability of the filler
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Fig. 8. DSC endotherms of (a) SS/GC3D and (b) SS/BORG nanocomposites.
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Table 4
Summary of thermomechanical analysis.

Filler % CTE before Ty (um/°C) Change (%) First onset point (°C) Second onset point (°C) CTE after Tg (pm/°C) Change (%)
SS-Neat 0.8145 0% 85.52 104.36 0.9384 0%
SS/GC3D 1 0.4028 51% 82.35 100.31 0.8566 9%
SS/GC3D 2 0.3039 63% 83.17 103.79 0.8128 13%
SS/GC3D 3 0.3314 59% 81.02 102.22 0.7958 15%
SS/BORG 1 0.3193 61% 78 103.47 0.847 10%
SS/BORG 2 0.4093 50% 78.38 99.77 0.8784 6%
SS/BORG 3 0.2909 64% 81.43 105.45 0.8793 6%
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Fig. 10. DMA analysis of (a)SS/GC3D and (b) SS/BORG nanocomposites.

particles have enhanced the storage modulus of the nanocomposite
systems. The filler particles localize the heat energy and prevent it from
transferring to the surrounding matrix. Furthermore, the enhanced ri-
gidity of the polymer molecules also contributes to the improvement of
storage modulus by immobilizing the polymer chain molecules [11].

However, as the filler loading increases, the dispersion becomes
ineffective due to the agglomeration of particles Similarly, loss modulus
is also affected by the polymer-particle interaction. The dispersion of
filler materials strongly restricts the mobility of surrounding matrix
resulting in high dissipation of energy [80-82].

4. Conclusion

Georgian and Brazilian clays available from the natural and renew-
able sources were successfully modified using ultrasonication in the
presence of decalin and by using quaternary ammonium salts, respec-
tively. XRD and TEM results confirmed the particle size reduction and
expanded clay structure. The results suggested that ultrasonication has
effectively reduced the particle size and modified the Georgian clay.
Significant improvement in flexure properties was observed for Super
Sap 100/1000 epoxy nanocomposite systems with modified clay

11

modified clay particles. However, there is no significant change in strain
at maximum stress due to the ductile nature of the bio-based content
present in the Super Sap 100/1000 epoxy system. Hence, these results
suggest that modified nano clay particles can be successfully used as
fillers for both structural engineering and biomedical applications. The
topology from the fractured surfaces revealed the crack propagation
paths which influenced the strength of the specimens. The neat epoxy
system exhibited brittle failure whereas SS/GC3D has shown improve-
ment in ductility with the cracks propagating around ridges and SS/
BORG failed due to the presence of voids. The strength of the composites
can be further improved if the voids and agglomerations are maintained
carefully. The major degradation temperatures of the composites have
shown noteworthy improvement from 7° to 25 °C with the infusion of
modified clay particles. TMA and DMA analysis also have shown sig-
nificant improvement in dimensional stability and storage moduli due to
the reinforcement of 1-3 wt% modified nano clay particles. In view of
this, it can be articulated that the modified nano clay particles can
effectively serve as natural fillers for bio-based Super Sap 100/1000
epoxy resin system and other bio-based polymers thus developing a
green material for potential applications such as coatings, adhesives,
laminates, tooling and castings.
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