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Preface

Integrating nanotechnology and polymer composites has emerged as a
transformative paradigm in the rapidly evolving landscape of materials sci-
ence and engineering, offering unprecedented opportunities to develop
advanced materials with tailored properties and multifunctional applica-
tions. This book, Advanced Nanocarbon Polymer Biocomposites, represents a
comprehensive exploration of the synergistic possibilities of the fusion of
nanocarbons, polymers, and biocompatible elements.

Nanocarbon materials extracted from wood (pine and aspen) biomass
(natural fiber, etc.) exhibit exceptional mechanical, thermal, and electrical
properties. Harnessing the unique characteristics of these nanoscale entities
and combining them with polymers, which provide flexibility, pro-
cessability, and a wide range of functionalities, opens new frontiers in
material design. Moreover, incorporating biocompatible components facil-
itates the development of materials that excel in mechanical, morphologi-
cal, and chemical performance and demonstrate compatibility with living
systems, paving the way for applications in biomedicine, construction and
building, packaging, and sustainable technologies.

This book is crafted to provide a comprehensive overview of the fun-
damental and state-of-the-art research and developments in nanocarbon
polymer biocomposites. Each chapter is meticulously crafted by experts in
the respective areas, covering fundamental principles, synthesis methods,
characterization techniques, and diverse applications. The chapters are
organized to guide readers through the intricate landscape of nanocarbon
polymer biocomposites, from theoretical foundations to practical applica-
tions, fostering a holistic understanding of this burgeoning field.

The multidisciplinary nature of this book makes it an invaluable
resource for researchers, academics, and practitioners working at the inter-
section of nanotechnology, polymer science, and biocompatible materials.
Whether delving into the fundamental science behind nanocarbon inter-
actions with polymers or seeking insights into the practical applications of
these advanced materials, this book serves as a roadmap to navigate the
complexities and potentials of nanocarbon polymer biocomposites.

XVvii
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As editors, we would like to express our gratitude to the contributing
authors for their scholarly contributions and dedication to advancing the
knowledge in this field. We believe this compilation will inspire further
exploration, foster collaboration, and contribute to the evolution of nano-
carbon polymer biocomposites as a transformative technology.

Md Rezaur Rahman
Muhammad Khusairy Bin Bakri



CHAPTER EIGHT

Montmorillonite-activated
nanocarbon from pine wood
sawdust and its biocomposites

Md Rezaur Rahman', Durul Huda?, Al-Khalid Othman’,

Md. Shahid Uz Zaman?, Jamal Uddin®,

Khairul Anwar Bin Mohamad Said’, Yuriy Yurkin®, Andrey Burkov>,
Muhammad Khusairy Bin Bakri' and Kuok King Kuok®

'Faculty of Engineering, Department of Chemical Engineering and Energy Sustainability, Universiti
Malaysia Sarawak, Jalan Datuk Mohammad Musa, Kota Samarahan, Malaysia

“Department of Mechanical Engineering and Product Design Engineering, Swinburne University of
Technology, Hawthorn, VIC, Australia

SFaculty of Electrical and Computer Engineering, Rajshahi University of Engineering & Technology,
Rajshahi, Bangladesh

*Department of Natural Science, Coppin State University, Science and Technology Center, Baltimore, MD,
United States

®Building Structures and Machines Department, Vyatka State University, Kirov, Russia

®Faculty of Engineering, Computing and Science, Swinburne University of Technology, Sarawak Campus,
Kuching, Sarawak, Malaysia

8.1 Introduction

Due to plastic’s promising qualities, including corrosion resistance,
low density, and user-friendly design, their manufacturing, and use have
significantly risen over the last 60 years. The growth of the plastics industry
has resulted in the development of various plastic products with broad
applications using various plastics, such as the introduction of natural poly-
mers, modified natural polymers, synthetic plastics, biodegradable plastics,
thermoplastics, and thermosetting plastics. Fig. 8.1 depicts the global plastic
demand broken down by polymer type (What Is Hot - Multi-client study,
2023). According to the information provided by Pardos Marketing (What
[s Hot - Multi-client study, 2023), polypropylene (PP), accounts for 31%
of high-demand plastic, low-density polyethylene (LDPE), and linear low-
density polyethylene (LLDPE), accounts for 18% of high-demand plastic,
and polyvinyl chloride (PVC), accounts for 14% of high-demand plastic
(PVC). Whereas the low-demand plastic is followed by 3% of acrylonitrile
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World Plastic Consumption (2015)
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Figure 8.1 Shows the amount of plastic consumed in 2015, broken down by poly-
mer type. From What Is Hot - Multi-client study, World plastics supply 2005—2015. (n.d.).
Retrieved July 17, 2023, from http.//www.pardos-marketing.com/hot01.htm.

butadiene styrene (ABS), 5% of polyurethane (PUR), 5% of polystyrene
(PS), and 6% of all other types of plastic. According to the statistics, acetate
butadiene styrene is the least popular plastic, whereas polypropylene is the
most popular (ABS). Yet, since these polymers cannot be decomposed,
plastic trash is continuously rising in the landfill.

Nowadays, biopolymer is used owing to environmental concerns and
the depletion of natural resources (Jayamani et al., 2017; Rahman et al.,
2021b; Yun et al., 2022b). When biopolymer degrades, it releases organic
by-products like water and carbon dioxide that less influence the environ-
ment (Samir et al., 2022). Today’s use of novel composites employ nano-
technology has ushered in a new age of material science and engineering
research (Jayamani et al., 2019; Nyuk Khui et al., 2019; Rahman & Bakri,
2021). Thus the need to produce materials that are reliable, affordable,
and sustainable on an environmental level must be addressed (Bakri &
Rahman, 2021; Khui et al., 2021). Therefore, a growing interest in the
pursuit of inexpensive reinforced composites, composed completely of
biodegradable elements is gradually rising.

Additives are substances that often are combined with a polymer
matrix. Additives make polymeric materials more colorful, stiffer, and
more durable, giving them biodegradable/degradable-resistance qualities
(Islam et al., n.d.; Jaafar, 2017; Rahman et al., 2011). Colorants, antioxi-
dants, plasticizers, fillers, reinforcement, and blowing agents are examples
of existent additives, each of which has a difterent purpose. Several types
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of reinforcement and filler sources are shown in Fig. 8.2 (Jaafar, 2017;
Rahman et al., 2011; Rahman et al., 2013). The additives are divided
into three primary groups: active, inactive, and reinforcement. These
groups are determined by the aspect ratio (L/D) and the compatibility
factor of nanoparticles. Long continuous fibers are often referred to as
reinforcement. It is often utilized for thermosetting plastic with various
fiber arrangements (uni-dimensional, 2D, and 1D). The mechanical char-
acteristics of a polymer are improved by the fiber’s occupancy of
60—70 vol%. Active filler is defined as filler that aims to improve the
mixed material’s qualities. In contrast, an inactive filler is a filler that is
intended to lower the cost of the compound. The arrangement of fillers is
determined in the fabrication process. These fillers are typically utilized
in short, discontinuous fiber, flake, and particle geometries in randomly
oriented arrangements, producing isotropic characteristics. These fillers
make up between 30 and 40 vol% of polymer composites (Jaafar, 2017).

Fillers
| { I
Reinforcement Active filler Inactive filler
Sources
- Natural ——  Hybrid fillers Synthetic
——  Mineral — Mineral and Organic Organic
— Plant — Mineral and Inorganic Inorganic
7 Animal —  Plant and Organic

— Plant and Inorganic

— Animal and Organic

Animal and Inorganic

Figure 8.2 Several sources for infill and reinforcement. Fillers tree description.
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There are two types of fillers: natural fillers and synthetic fillers. Natural
fillers come from different sources including minerals, vegetation, and wild-
life. There are two types of synthetic fillers: organic fillers and inorganic fillers
(Adamu et al., 2019, 2020; Hamdan et al., n.d.; Jaafar, 2017). Diamond, gra-
phene, and carbon nanotubes (CNTs) are examples of inorganic synthetic
fillers (CNTs). The flammability and chemical resistance of the mixture may
also be affected by organic additives. Researchers have recently been more
interested in using hybrid filler to create nanocomposite materials by combin-
ing them with various reinforcing sources. There is plenty of research outlin-
ing the advantages of employing hybrid filler. Ali Mohsin (Ali Mohsin et al.,
2014) created a mixed filler system by adding montmorillonite (MMT) to a
CNT/HDPE nanocomposite and researched the nanocomposite’s thermal
and mechanical characteristics. It was discovered to exhibit better tensile and
flexural strength and thermal stability. Combining nanoscale boron nitrides
and graphene nanoplatelets in epoxy has also improved heat conductivity
(Shtein et al., 2015). The tensile modulus and yield stresses of the hybrid PP
composite and the composite’s thermal stability were improved by the syn-
ergy effect of utilizing inorganic filler CaCOj and clays as hybrid filler. Few
researchers (Aguilar et al., 2014; Gill et al., 2019) used a hybrid mix of nickel
and carbon black as a conducting and reinforcing filler for polypropylene
polymers. It has been discovered that filler loading improves both mechanical
and electrical characteristics. While developing the polymer composite,
choosing the right filler may enhance the economics and polymer character-
istics, such as mechanical behavior. In addition to its other advantages, the
filler has helped the goods to be more rigid and stable in their dimensions.

Over 200 million tons of synthetic polymers are produced worldwide
(Sam et al., 2015). The inadequate biodegradability of synthetic polymers
has led to the rise of worldwide disposal of solid waste (Khui et al., 2023;
Yun et al.,, 2022a, 2022b, 2022¢, 2022d). Researchers are thus advised to
create a novel kind of environmentally friendly polymer matrix that is sus-
tainable, biodegradable, and environmentally benign. There are predictions
for the increase of nanocomposite materials in the market. For example, the
US Freedonia Group estimated that by 2020, the demand for innovative
polymer/nanoclay composite materials might reach 3.2 million tons, costing
US$15 billion annually (Gul et al., 2015). To create a polymer/nanoclay
combination that offers good performance, the scientists recommend paying
more attention to theory and modeling.

Recently, nanocarbon and nano clay have drawn more interest due
to their potential use as natural nanofiller materials in various sectors
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(Bakri & Rahman, 2021; James et al., 2022; Khairulzaim et al., 2021;
Rahman et al., 2023, 2021a). However, using current nanotubes or
graphene 1s not economically viable. Costs for research-grade nanotubes
vary from $5/g for MWCNT to $75/g for SWCNT, while graphene
oxide costs around $100/g (Bhattacharya, 2016). There has not been
much research done in the past on making nanocarbon filler from the
pyrolysis output.

Prior studies have addressed the pyrolysis type and the creation of
biomass bio-oil, charcoal, and syngas. Also, there is little research on creating
bio-nanocomposites employing green filler derived from biomass and biode-
gradable polymers. Moreover, there is not enough research on hybrid fillers
or numerous fillers in nanocomposite materials. The current work aims to
create a unique bio-nanocomposite by combining nanoclay (green filler)
obtained from pyrolysis with biochar using a ball milling technique, con-
firming the research gap. This study’s primary objective is to create a hybrid
filler bio-composite using solution casting to combine MMT nanoclay and
acetic acid-activated nanocarbon in polylactic synthetic, synthetic biopoly-
mer (PLA).

Several goals have been established to accomplish the objective, includ-
ing (i) creating nanocarbon from pine sawdust and activating it with acetic
acid; (i) examining the characteristics of activated nanocarbon (AC) and
contrasting them with nonactivated nanocarbon; and (iii) examining the
characterization of an AC/MMT/PLA bio-composite with various AC filler
loadings. The research aims are to create bio-nanocomposites utilizing a
hybrid filler called MMT that combines nanocarbon and nanoclay as rein-
forcement in a PLA biopolymer. Pine sawdust from the Russian Federation
is the biomass used to make nanocarbon. Carbonization was carried out
in an LT furnace with little oxygen available to produce nanoscale nanocar-
bon. A part was isolated and used with acetic acid to create activated
carbon. Using particle size distribution (PSD), Brunauer—Emmett—Teller
(BET), and energy dispersive X-ray (EDX) analyses, nonactivated and acti-
vated carbon were compared and characterized. The bio-nanocomposite
was then created using the solution casting process, and the performance of
the newly generated matrix was examined utilizing FTIR, SEM, and EDX
characterization tests. The morphological characteristics, elemental composi-
tion, and physical and chemical interactions within the bio-composite
are among the characteristics that have been analyzed. The performance
of the newly produced composite is then evaluated in light of earlier
investigations. The general chemistry and analytical labs at Chemical
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Engineering and Energy Sustainability are used to do the experimental
work. Ball milling is done at the University of Malaysia Sarawak’s
Mechanical Engineering Department and Civil Engineering Department
(UNIMAS).

The work focuses on creating ecologically friendly nanocomposite mate-
rials using biomass as a nanofiller. The importance of newly created nano-
composite materials with enhanced capabilities and characteristics may be
used to reduce the use of synthetic polymers finally led to a decrease in the
amount of solid waste produced on earth. The work focuses on creating
nanocarbon filler from the byproduct of pyrolysis and utilizing it to create
bio-nanocomposite materials, which prior researchers seldom investigate.
This discovery is crucial because it offers researchers a fresh perspective to
work on the characteristics of nanocomposite materials made using biomass
filler. It also gives them a leg up in their quest to develop better nanocom-
posite materials for the good of human civilization. Through various appli-
cations in the fields of health and biomedicine, food safety and packaging,
and generating environmentally conscious materials (biodegradable), water
adsorbent, and fire-retardant materials, this research study will help society.

5 8.2 Polymer and biopolymer

A material of repeating units of big molecules, or macromolecules,
is called a polymer. Polymers may be broadly divided into two types: nat-
ural polymers and synthetic polymers. Wool, silk, rubber, hemp, shellac,
and cellulose, all naturally occurring polymeric materials harvested from
plants or animals, are examples of natural polymers (Shrivastava, 2018).
Natural polymers such as cellulose, chitosan, starch, and agar are generated
from carbohydrates and protein (Shankar & Rhim, 2018). Polyethylene
(PE), PP, PVC, PS, thermoplastic polyurethane (TPU), Teflon, and nylon
are examples of synthetic polymers.

Biopolymers are long-chain molecules comprising monomeric compo-
nents connected to create polymers. The source of the biopolymer is a
living creature, and it is biodegradable. As a biopolymer breaks down, it
releases organic byproducts with a reduced environmental effect, such as
water and carbon dioxide. Synthetic biopolymer is a new form of polymer
produced, thanks to technology. It is a kind of synthetic biopolymer created
via abiotic chemical processes (Vert et al., 2012). Shankar and Rhim divided
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biopolymers into four classes: natural biopolymers, synthetic biopolymers
made by chemical synthesis, and synthetic biopolymers made from petro-
leum products (Shankar & Rhim, 2018). Biomass materials such as wood,
straws, chitosan, gelatin, and gluten make natural biopolymers. The two
sources of synthetic biopolymers are chemical synthesis from biomass
or microbial generation. PLA, polyglycolide, polycaprolactone (PCL),
polybutylene succinate, and polyvinyl alcohol are examples of chemically
synthesized biopolymers. Microbiological biopolymers include polyhydrox-
yalkanoates (PHA), polyhydroxybutyrate (PHB), and polyhydroxybutyrate-
cohydroxyvalerate (PHBV). The most often investigated biopolymer is
PLA, made from lactic acid produced by the fermentation of carbohydrates
found in plant resources like sugar beet and maize (Sorrentino et al., 2007).
Further advantages of PLA, besides its biodegradability, are its flexibility in
terms of shelf life (Shankar & Rhim, 2018).

According to Ray et al.,, microorganisms might quickly biodegrade
PLA and its nanocomposites made with modified MMT containing tri-
methyl octadecyl ammonium (C’C;s-MMT) (Ray et al., 2002). The test
was conducted at 58°C, and the compost was made using food waste.
Fig. 8.3 depicts a plot of the percentage for Residual molecular weight
(Rw) compared to the initial weight (Mw) of the test sample (neat PLA
and PLACN4 (C’C;s-MMT = 4 wt.%)) from the compost with time.
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Figure 8.3 Time-dependent residual weight (Rw) of polylactic acid (PLA) and PLACN4
during composting at 58°C. Graph of PLA and PLACN4 at 58°C. Ffrom Ray, S. S,
Yamada, K., Okamoto, M. & Ueda, K. (2002). Polylactide-layered silicate nanocomposite:
A novel biodegradable material. Nano Letters, 2(10), 1093—1096. https://doi.org/
10.1021/nl0202152.
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With weight loss starting after one month and total decomposition occur-
ring after two months, PLACN4 underwent a major alteration.

Another form of biopolymer with biodegradable characteristics is
PHA. PHA loses mass and starts to dissolve in the early phases of biodeg-
radation when disorder chains are generated, and sample deterioration in
crystalline is as follows (Avella et al., 2000). PHA is flexible because of its
amorphous area, and crystallinity is predicted to rise as it deteriorates.
According to Muniyasamy et al., features of soil biodegradation might
be seen after 30 days (Muniyasamy et al., 2016), but those of marine
biodegradation took roughly 60 days (Deroiné et al., 2015). After 30 or
200 days, it was anticipated that up to 60% less crystallinity would have
been lost in the soil’s biodegradation in a controlled composting setting
environment (Muniyasamy et al., 2016).

The use of petroleum-based polymers might be reduced in favor of
bio-based polymers. It will be a possible solution to create low carbon
emissions and meet energy production needs. Fig. 8.4 contrasts commer-
cial petroleum-based polymers with biodegradable materials, demonstrat-
ing the latter reduced environmental effect (Gironi & Piemonte, 2011;
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Figure 8.4 The energy usage and CO, emission of petroleum-based and bio-based
polymers. From Harding, K, Dennis, J., Vonblottnitz, H. & Harrison, S. (2007).
Environmental analysis of plastic production processes: Comparing petroleum-based
polypropylene and polyethylene with biologically-based poly-3-hydroxybutyric acid using
life cycle analysis. Journal of Biotechnology, 130(7), 57—66. https://doi.org/10.1016/.
jbiotec.2007.02.012.
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HARDING et al., 2007). Most plastics are disposed of either in the land-
fills, burned, or recycled after their useful life and emit carbon dioxide or
methane over time. Nondegradable polymers may also release contami-
nants or additives into the soil and run into the water sources, further
harming the digestive systems of animals (Gallo et al., 2018). Contrarily,
bio-based polymers may still assist the environment after their useful lives
are gone through.

E 8.3 Nanocomposites

Nanocomposites are artificially created or naturally occurring solid
materials having several parts that have nanoscale shapes with a single
phase. These are multiphasic compounds with sizes between 10 and
100 nm, each with distinct physical and chemical characteristics. Lamellar
nanostructures or nanotubes are two examples of them (Sen, 2020).
Conceptually, the nanocomposite may be divided into polymer-based
composite and nonpolymer-based composite depending on whether poly-
meric material is included, as indicated in Table 8.1.

The polymer dispersed with nanofiller in the polymer matrix is known
as poly-nanocomposite (PNC) (polymer-based nanocomposite). Fischer
(2003) classifies PNC as a multiphase system, which includes composites,
foams, and blends that may absorb up to 95% of the plastic produced
(Fischer, 2003). The term “nanofiller” refers to nanoscale particles having
a size between 1 and 1000 nm, where the upper limit is 100 nm.
Examples include synthetic silica, carbon black, and precipitated calcium
carbonate (Drobny, 2014).

Recently, CNTs, nanoclay such as smectite and MMT, and needle-
shaped nanowhiskers have been commercially available. Previous studies
have shown that adding nanofiller might enhance the characteristics of a
polymer matrix. It has been discovered that it may improve the polymer’s
durability, stiffness, flexibility, barrier quality, heat resistance, and electrical
conductivity and also boosts the propagation of light transmission inside
the polymer (Bakri et al., 2018; Gulrez et al., 2013a, 2013b; Liew et al.,
2018, 2020; Moniruzzaman & Winey, 2006; Thostenson et al., 2001).
Nevertheless, an earlier study noted that attaining homogenous nanofiller
dispersion inside the polymer matrix and ensuring chemical compatibility
between the polymer, the matrix, and the nanofiller are two major
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Table 8.1 Nanocomposite classification.
Nanocomposite Type Description

Polymer-based Polymer/ceramic  * Composites consist of ceramic fillers and a

matrix of organic polymers.

Example: polysiloxanes.

Hybrid inorganic/ ¢ Addition of organic side groups to an
organic polymer  inorganic backbone chain.

Important in biomedical applications.

Example: coating of an implanted glucose

sensor, chitosan-epoxy silane film.

Polymer/layered Polymer filled with low amounts of
silicate layered silicate.

As fire retardant materials.

Nonpolymer  Metal Comprise of nanosized material of ductile
based nanocomposite metal or alloy matrix as reinforcement.
Improved mechanical properties: strength,

modulus, ductility, and toughness.
Ceramic Composites of ceramic are multiple solid
nanocomposite phases with more than one nanoscale
range dimension.
Have improved chemical, mechanical,
magnetic, and optical properties.
Examples: Silicon nitride/silicon carbide,
Hydroxyapatite/Titania nanocomposites,
Baron Carbide/Titanium diboride

nanocomposites.
Ceramic-ceramic  * Use to mitigate fracture failure in artificial
nanocomposite joint implants.

» Example: zirconia-toughened alumina
nanocomposite, calcium sulfate-
biomimetic apatite

hurdles in producing polymer/nanoclay composite (Guo et al., 2018).
The scientists also recommended focusing on theory and modeling to cre-
ate a polymer/nanoclay combination that performs well and which is also
mentioned earlier.

According to Schmidt et al. (2002), PNCs have been developed into
various hybrid and innovative materials, such as nanoclay/conductive poly-
mer (PPy, PANI, PT, PEDOT), bio-nanocomposite and organoclay hybrid
films that have better qualities than composite materials (Schmidt et al.,
2002). PNCs' distinctive properties have led to various industrial uses,
including building, medicine, aerospace, food packaging, and textiles.



Montmorillonite-activated nanocarbon from pine wood sawdust and its biocomposites 307

Future research in science and technology is anticipated to result in the syn-
thesis of novel polymers and nanomaterials inspired by biological systems.

8.4 Nanofiller

Nanoparticles are tiny particles with sizes between 1 and 100 nm on
the nanoscale. The usage of nanofillers in composite biopolymers should
be graded by dimension, including 1D nanofiller, 2D nanofiller, and 3D
nanofiller (Akpan et al,, 2019). Fillers having one dimension under
100 nm are known as 1D nanofiller. They are branched-like structures,
nanowalls, nanodisks, nanoplates, nanosheets, and nanoprisms. Due to its
promising features, 1D nanofiller is often employed in biosensors, bio-
medical, microelectronics, and coating applications (Li et al., 2013;
Vengatesan, 2016). MMT clay and graphene plats are the most prevalent
examples of 1D nanofiller. At the same time, 2D nanofillers have two
dimensions that are smaller than 100 nm. It comes in the form of fila-
ments, tubes, or fibers. Examples of 2D nanofillers include cellulose fibers,
CNTs, clay nanotubes, and boron nitride tubes. It often appears in
energy, catalysis, sensors, electronics, nanoreactors, optoelectronics, and
nanocontainers (Akpan et al., 2019). As OD or iso-dimensional materials,
3D nanofillers essentially have identical dimensions in all directions at the
nanoscale. Examples of 3D nanofillers include nano-silica, silver carbide,
nanotitanium oxide, nanoalumina, and semiconductor nanoclusters. They
have a high refractive index, are harmless, and inexpensive (Vengatesan,
2016). It 1s generally used in biomedicine, coating, and processes for puri-
fication and separation (Zhao et al., 2015).

There are several varieties of nanofiller in use today. It is classified into
metal, ceramic, and carbon nanofiller. Carbon nanofiller is the most widely
used kind of nanofiller. According to earlier research (Bitinis et al., 2011;
Miiller et al., 2017), incorporating nanofiller in low content within a poly-
mer matrix is capable of enhancing its mechanical, thermal, barrier property,
and flammability properties without compromising its processability. The
addition of various nanofillers often improves the performance of biopoly-
mers. According to Table 8.2, fillers with nanoscaled sizes may be either
organic or inorganic, such as metal, metal oxide, clay, natural biopolymers,
and substances that naturally fight microbes. These are some examples of
nanofiller that may be used to create nanocomposite films.
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Table 8.2 Nandfiller classification.
Organic/ Type of Nanofiller Example References
Inorganic

Organic Nanofiber/whisker Cellulose, starch, chitin, chitosan ~ Shankar and
Rhim (2018)

Natural Nisin Imran et al.
antimicrobial (2010)
agents
Inorganic Nanoclay Montmorillonite, kaolinite, Shankar and
hectorite, bentonite, saponite, Rhim (2018)
organically modified clay
Metallic Silica, gold, silver, zinc oxide, Shankar and
nanoparticles titanium oxide, copper, copper Rhim (2018)
oxide
Carbon nanofiller Carbon nanotubes, graphene, Saba et al.

graphite, flurrenes, carbon fibers  (2019)

8.4.1 Carbonaceous nanofiller

Research on carbonaceous nanofiller such as CNTs, fullerene, diamond,
and graphite have been more popular for many years. The CNTs have
exceptional physical characteristics, including a high young modulus of
1TPa, a specific area of around 1315 m?®/g, a high thermal conductivity
of 3500 W/m.K, and an electrical conductivity of 10,000 cm>/Vs.
Moreover, it can support a current density of up to 109 A/cm” because of
its low electrical resistance, great strength, and high thermal conductivity
(Annu et al., 2017; Kordas et al., 2007; Liu et al., 2018). Single-walled car-
bon nanotubes (SWCNTS), double-walled carbon nanotubes (DWCNTs),
and multiwalled carbon nanotubes (MWCNTs) are the three different types
of CNTs. SWCNTs have a diameter of less than 1nm, whereas
MWCNTs have a diameter of more than 100 nm. According to Zhang
and Li (2009), rolling graphene sheets produce SWCNTSs, which are seam-
less cylindrical materials (Zhang & Li, 2009). When additional graphene
sheets are rolled up, DWCNTs and MWCNTs are created. Chemical
vapor deposition, laser ablation, arc discharge, and premixed flame techni-
ques generally synthesize SWCNTs and MWCNTs. SWCNTs exhibit
exceptional performance in terms of mechanical and chemical characteris-
tics, such as physical toughness, thermal stability, and electrical conductivity.
MWCNTs and MWCNTs have excellent metallic characteristics, making
them an excellent choice for electrochemical processes. Moreover, the
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favorable optical characteristics of CNTs are often used to transfer biomole-
cules into cells, including plasmid DNA.

In a hexagonal lattice structure with six carbon atoms at 0.142 nm
molecular bonding, graphene comprises 2D sp>-bonded carbon atoms
with a single atomic layer (Foo & Gopinath, 2017). It is a crucial struc-
tural component of graphite, created by arranging graphene differently.
With its high specific area of roughly 2630 m?/g, the large elastic modulus
of 1 TPa, the excellent thermal conductivity of between 3000 and
5000 W/mK at room temperature, the electrical conductivity of 15,000/
cm® (VS), superior catalytic properties, and surface properties, graphene is
used in a variety of applications (Saba et al., 2019). Several processes may
be used, including thermal expansion, chemical reduction of graphene
oxide, and micromechanical exfoliation of graphite to create graphene
(Dantas de Oliveira & Augusto Gongalves Beatrice, 2019). The develop-
ment of exfoliated graphene in a sheet due to mechanical, chemical, and
mechanical vapor exfoliation is one of them (Dantas de Oliveira &
Augusto Gongalves Beatrice, 2019). Before using mechanical or reduction
exfoliation procedures, oxidation chemistry, the most widely used process,
is used to make graphite oxides (GOs). Graphene offers many potential
applications in energy storage devices, semiconductor materials, solar cells,
and fuel cells.

A porous carbonaceous substance called biochar is created during the
oxygen-limited pyrolysis process from various feedstocks (Lehmann et al.,
2006). Biomass includes wood, plant seeds, fruit and nut shells, and agri-
cultural waste. Pyrolysis, or the heat degradation of raw biomass under an
oxygen gas supply that is either nonexistent or restricted, is used to create
biochar (Lehmann & Joseph, 2012). Pyrolysis results in biochar, bio-oil,
and biogas. According to Antal and Gronli (2003), the end product of
pyrolysis may be impacted by the kind of biomass used as feedstock and
the pyrolysis conditions (Antal & Groenli, 2003). Depending on the pyro-
lytic situation, the pyrolysis process is divided into different states and
forms, including gasification, slow pyrolysis (also known as carbonization),
and rapid pyrolysis. Table 8.3 displays the pyrolysis product with working
conditions. The data shows that slow pyrolysis, yielding 35% of the dry
biomass weight, is the most effective method for producing biochar.
Whereas gasification and rapid pyrolysis are the most efficient ways to
produce biogas and bio-oil, they are often utilized to produce heat and
energy (Cheah et al,, 2016). Fast pyrolysis produces the most bio-oil
when the heating rate is high, and the residence duration is short. In



Table 8.3 Condition of the pyrolysis product in operation (Tomczyk et al.,, 2020).
Process Temperature Pressure Residence time The proportion of products
in the pyrolysis process (%)

Bio-oil Biogas Biochar
Pyrolysis 400°C—-600°C Vacuum-atmospheric Seconds 75.10 13.0 12.0
Biocarbonization (slow pyrolysis) 350°C—-800°C Atmospheric Seconds-hours 30.0 35.0 35.0
Gasification 700°C—=1500°C  Atmospheric-elevated ~ Second-minutes 5.0 85.0 10.0

Source: From Tomczyk, A., Sokotowska, Z. & Boguta, P. (2020). Biochar physicochemical properties: pyrolysis temperature and feedstock kind effects. Reviews in
Environmental Science and Biotechnology, 19(1), 191—215. https://doi.org/10.1007/s11157-020-09523-3.
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comparison, slower heating rates and a longer slow pyrolysis residence
period will create more biochar (Daful & Chandraratne, 2018)

According to Sakhiya et al. (2020), biochar is widely used as a water
adsorbent due to its large surface area to adsorb aromatic compounds and
heavy metal ions and hence removes the pollutants from wastewater
(Sakhiya et al., 2020). Singh et al. (2019) also stated that biochar could
boost soil fertility and hold water longer (Singh et al., 2019). Biochar also
used in other applications such as air purification (Creamer et al., 2014), as
a catalyst (Shen, 2015), fuel alternative (Balat, 2007), as a building material
(Gupta & Kua, 2017), etc.

8.4.2 Nanoclay

Lately, nanoclay has been explored and produced in several domains of
applications because of the fast expansion of nanotechnology. Their
advantages include accessibility, affordability, and environmental friendli-
ness. Stacks of mineral silicates with layered structural units make up
nanoclays, a complicated clay crystalline nanoparticle. Both octahedral and
tetrahedral sheets made up those layers. In general, nanoclay materials are
divided into three clay layers with sheet arrangements of 1:1, 2:1, and
2:1:1. Table 8.4 categorizes the clay layer, clay group, and clay species.
It may be utilized in various applications depending on how they are
arranged and what minerals are in them.

The well-known kind of clay utilized as a nanofiller in polymer
structures to create composites of polymer and nanoclay is MMT 2:1
nanoclay. Alumina’s octahedral sheet, which is joined to two silica
tetrahedral sheets in a 2:1 sheet configuration, is around 1 nm thick.
Guo et al. (2018) claim that MMT nanoclay (2:1) has a significant

Table 8.4 Clay minerals.

Types of  Group Species

layers

1:1 Chysotile, hallosite, Berthierine, brindleyite, cronstedstite,
kaolinite, rectorite dickite, fraipontite, kellyite, lizardite,

2:1 Mica, pyrophylite talc, Bentonite, bityite, clintonite, hectorite,
smectite, vermiculite, laponite, montmorillonite, muscovite,

sepiolite, vermiculite
2:1:1 Chlorite Amesite, cookeite

Source: From Guo, F., Aryana, S., Han, Y. & Jiao, Y. (2018). A review of the synthesis and
applications of polymer—nanoclay composites. Applied Sciences, 8(9), 1696. https://doi.org/10.3390/
app8091696.
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Table 8.5 Montmorillonite physical properties.

Type Properties

Density 2—-3g/cm’

Hardness 1—2 on the Mobhs scale, fine-grained

Crystal system Monoclinic

General formula (Ca, Na, H) (Al, Mg, Fe, Zn), (Si, Al); O1o(OH),. nH,O

Fracture Irregular/uneven

Lustre Earthy and dull

Color White, yellow, buff, usually pale pink to red (pink-red
coloration due to the presence of Manganese (Mn))

Transparency Translucent

surface area, a high cation capacity, and swelling behavior (Guo et al.,
2018). Due to their distinct structural characteristics, clays are selected as
the appropriate substance to modify the polymeric membrane. It has
been discovered that clay alteration may enhance the physicochemical
function of membranes. Additives are often applied to incorporate func-
tional groups that may affect the interaction activity between soluble
species and membranes on the surface of the MMT layer. MMT’s physi-
cal characteristics are listed in Table 8.5.

According to past studies, acid-modified clay would cause the clay to
disassemble, elute mineral impurities, and lose its outer layer. Aluminum
and magnesium ions would replace hydrogen ions, H", due to the acid
activation clay, increasing surface area and pore size. Additionally, clay
surfaces with more broken bonds due to acid activation, typically have
more surface area and are more reactive.

There was no discernible change in the mineral structure of the clay
throughout the acid treatment of MMT. However, activity and surface
area have been increased, and the Al3 + ion was separated during leach-
ing (Jeon & Nam, 2019). Heavy metals, including Ni (II), Cu (II), and
Pb, have been removed using hydroxyl groups introduced to the surface
of activated clay (II) (Al-Essa, 2018). According to Ndé et al. (2019),
the most often employed acids in the acid activation process are hydro-
chloric acid (HCI) and sulfuric acid (H,SO,4) (Ndé et al., 2019). They
investigated the formation of bleaching agents and the activation of acids
in the smectite clay.

Regarding palm oil bleaching effectiveness and cost, it was discovered
that H,SO,4 was more effective than HCI acid. At the same time, Amari
et al. (2018) investigated the relationship between the chemical activation
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characteristics of green clay minerals and their structural makeup (Amari
et al., 2018). A larger degree of acid activation caused the treated mineral’s
silica structure to transition from crystalline to amorphous. When the
amount of acid treatment is raised, it also increase the total pore volume
and surface area. According to Zhang et al. (2019), activated clays may be
adsorbents to remove dyes (Zhang et al., 2019). The polymer/nanoclay
composites may also be used as thickening and gelling agents, flame-
resistant materials, gas permeability modifiers, wastewater treatment pro-
cesses, and mechanical strength enhancers, according to numerous works
of literature (Choudalakis & Gotsis, 2009; Giannelis, 1996; Irshidat &
Al-Saleh, 2018; Yusoh et al., 2018).

The cation exchange capacity of clay and organic materials Is one of
their key characteristics. APt Ca?t, Mg2+, Mn?t, Zn?t, Ccu®", Fe? T,
Na®, K, and H" may all be held by clay, thanks to the negatively
charged surfaces of the clay minerals (Agronomy Fact Sheet Series Fact
Sheet 22, 2008). A tiny particle with a diameter between 0.002 and
0.001 mm will have a much bigger surface area and can adsorb many
more cations. The high degree of conductivity in clay is often reflected
in the adsorbing cations (FHWA, 2003). Because of its superior heat resis-
tance, MMT 1is often used as an ingredient in various compounds.
Nanoclay may be added to polymer composites to increase thermal
stability and flame retardancy. Typically, a polymer’s thermal expansion
coefficient falls between 20 and 100 ppm/°C. Adding MMT, a filler with
excellent thermal stability to polymers causes lower thermal expansion.
Nonetheless, a high aspect ratio of above 100 is beneficial for enhancing

thermal stability.

S 8.5 Nanocomposite properties

8.5.1 Reinforcement

It is generally known that adding nanofiller improves the mechanical
characteristics of composite materials. With the use of a nanofiller, the
possibility of strain or break is reduced. Like the nanotubes, the greater
loading percentage will raise the graphene-filled nanocomposite’s modu-
lus. Elastomeric matrices exhibit observable modulus increases due to their
smaller inherent moduli. Research has also shown that graphene performs
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better as a mechanical reinforcement in composites than carbon black or
SWCNTs (Kim et al.,, 2010). Increases in graphene content have often
enhanced tensile strength; however, this is not the case sometimes
(Yasmin et al., 2000). In contrast, elongation either declines or remains
constant. Similar mechanical characteristics of nanoclay are shown in com-
posite materials made of nanotubes or graphene polymers. Further addi-
tion enhances modulus and tensile strength while decreasing elongation at
break. Nevertheless, clay reinforcing for a given volume percent of filler
in the composite is substantially lower than graphene or CNTs compo-
sites. The fabrication of nanocomposite from pure or organically modified
clay has strengthened the mechanical characteristics of polymeric materials
in terms of tensile modulus. According to Manias et al. (2001), as the clay
percentage rises, so does the modulus in a PP-clay composite (Manias
et al., 2001). Nevertheless, when clay concentration rises over 3 wt.%,
modulus only slightly improves.

8.5.2 Electrical conductivity

Due to the exceptional conductivity of CNTs and graphene, a conven-
tional insulating polymer matrix may be converted into a conductive
material. According to Bhattacharya (2010), the dielectric matrix is created
as filler when percolation is below a certain threshold (critical loading)
(Bhattacharya, 2016). This is due to its inability to establish a continuous
network for electron flow. Meanwhile, conductivity increases when load-
ing increases over the percolation threshold. As filler loading rises, the
filler becomes close to one another. A conduction channel was predicted
to develop in the dielectric matrix near the percolation threshold, increas-
ing conductivity. Conductivity would not alter beyond a particular filler
concentration in the polymeric matrix. Research shows that the electrical
percolation threshold of CNTs is greater than that of graphene (Steurer
et al., 2009). Generally, SWNT typically has lower conductivity than
MWCNT owing to the higher contact resistance in SWCNT caused
by the shorter diameter. The same technique may be used to study the
conductivity of graphene PS films is much lower than that of CNTS films
(Qi et al., 2011).

8.5.3 Thermal conductivity

Comparatively, a normal polymer has a thermal conductivity of between
0.3 and 0.4 W/mK, whereas CNTs have an estimated range of
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650—1000 W/mK (Bhattacharya, 2016). The heat conductivity of the
composite improves with the amount of filler used, and a 20-fold increase
was made by using a nanofiller to fill the composite (Monica Veca et al.,
2009). Thermal conductivity is predicted to increase also in nanotube-
based composite materials; however, it will likely remain relatively low
(less than 1 W/m.K.). According to (Xie et al., 2007), functionalized
nanotubes have an extraordinarily high thermal conductivity compared to
unfunctionalized nanotubes because of their increased dispersion, which
helps with conductivity.

8.5.4 Thermal stability

Polymers have a high thermal expansion coefficient compared to metals.
By limiting the degree of mobility of the polymer chain owing to its
interaction with the filler, the insertion of nanofiller such as clay or
graphene nanotubes in polymer reduces its thermal expansion. Adding
GO and SWNTs to resins has been discovered to result in less thermal
expansion (Wang et al., 2009). As a result, GO, and SWNTs have greater
thermal stability due to their low thermal expansion coefficient values.

8.5.5 Barrier properties

Excellent gas barriers are present in the nanocomposite. Broad aspect ratio
filler has the potential to block the direction of diffusion of penetrating
molecules. A well-distributed filler creates a path for permeants to flow.
Clay-reinforced composites' gas permeability falls regardless of the kind of
gas (Kojima et al., 1993). When clay (1 wt.%) is added to PET, the
oxygen permeability is reduced twice. Clay nanocomposite of PCL has
less water vapor permeability than PCL (Messersmith & Giannelis, 1995).
The amount of water vapor that moves across PU urea sheets has signifi-
cantly decreased (Xu et al., 2001). Moreover, the layered silicate/PI nano-
composite exhibits excellent barrier characteristics against the vapors of
ethylacetate, CO,, HE, and N, (Fu & Qutubuddin, 2000).

8.5.6 Flammable resistance

It has been discovered that adding nanofiller to polymer has significantly
reduced heat release, compared to plain polymer, even if the overall heat
release has remained constant (Bhattacharya, 2016; Morgan, 2006). Moreover,
the aspect ratio of the distributed silicate layers and the manufacturing method
might affect their fire-retardant qualities (Bartholmal & Schartel, 2004;
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Schiitz et al., 2011). Both clays and nanotubes have been reported to have
flame-retardant characteristics, although nanotubes are more successtul than
clay in containing flames (Costache et al., 2007; Kashiwagi et al., 2005). The
filler should only be included in polymers with proper quantity. Yet, ignition
occurs more quickly because of the localization of heat caused by high ther-
mal conductivity and low specific heat, and the inclusion of nanotubes. Low
concentration and poorly distributed filler will create a discontinuous network,
lowering flame resistance (Kashiwagi et al., 2005).

8.5.7 Glass transition temperature

Introduction to Plastics and Elastomers, 2012refers to the temperature at
which a polymer changes from hard and brittle to soft and malleable.
Research showed that nanofiller might aftect the glass transition tempera-
ture and its transition width (Ding et al., 1993; Sasaki et al., 2003). The
interaction of the filler determines how much T, changes (Keddie et al.,
1994; Tate et al., 2001). The surface's intimate interactions with the poly-
mer increase T, compared to the bulk. Most literary examples reflect a
small decrease in T, value (10%) (Paul & Robeson, 2008).

§ 8.6 Preparation of activated carbon

Preparing AC involves two steps: the carbonization of the raw mate-
rial and the activation procedure. Odetoye et al. (2019) defined
carbonization as creating biochar by high-temperature pyrolysis or gasifica-
tion in an oxygen-restricted atmosphere (Odetoye et al., 2019). The fixed
carbon content was increased throughout this procedure by eliminating vol-
atile, noncarbon components like N», O,, and H, by thermal deterioration
in a furnace with continuous N, purging (Radenahmad et al., 2020). At
this stage, narrow pore structures begin to develop, and as the temperature
increases, tarry materials are deposited (Alhinai et al., 2018). There are
instances exist when some compounds will collide with the walls of the
pores, leading to hydrocracking and carbon deposition (Odetoye et al.,
2018). Process variables, including temperature, heating rate, N, gas flow
rate, and residence duration, are crucial since they impact the product’s ulti-
mate quality. Fig. 8.5 displays the four primary carbonization steps in order
of their temperature (Chowdhury et al., 2013).
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*Raw material are dry at temperature < 200°C to removal of
moisture content
Stage 1 +Reaction: Endothermic reaction

+ As known as pre-carbonization process that conducted at
temperature 170-300°C,
* Produce pyroligneous liquids ( CH;COOH & MeOH) and some
Stage 2 op-condensable gases (CO &CO,).
* Reaction: Endothermic reaction

+Conducted at temperature 250-300°C
4 +Light tars and pyroligneous liquid from stage 2 are removed in
Stage 3 bluk to produce charcoal.
* Reaction: Exothermic reaction

+*Conducted at temperature > 300°C
+Increase the fixed carbon content by removal of volatile and
non-carbon species from charcoal.

Figure 8.5 Process of carbonization in four stages. Stages of carbonization. From
Chowdhury, Z. Z, Hamid, S. B. A.,, Das, R, Hasan, M. R., Zain, S. M., Khalid, K. & Uddin,
M. N. (2013). Preparation of carbonaceous adsorbents from lignocellulosic biomass and
their use in removal of contaminants from aqueous solution. BioResources, 8(4),
6523—6555. https://doi.org/10.15376/biores.8.4.6523-6555.

Biochar, bio-oil, and biogas are the three primary products of the ther-
mal breakdown of biomass. The most significant element that might
impact the creation of the finished product is temperature. Slow pyrolysis
produces 35% biochar, 30% bio-oil, and 35% biogas. Fast pyrolysis, which
occurs at a higher temperature, produces less bio-oil, 70% biochar, and
20% biogas. Gasification, which occurs at a temperature higher than fast
pyrolysis, tends to produce more biogas, which is 85%, 10% biochar, and
5% bio-oil (Mohan et al., 2014). Fig. 8.6 illustrates the many activation
strategies that may activate biomass, including physical, chemical, physio-
chemical, and microwave-assisted activation (Reza et al., 2020). Physical
activation happens in two steps. After carbonization, charcoal is activated
at a high temperature using an activator such as carbon dioxide, ammonia,
steam, air, oxygen gas, or their combination (Chowdhury et al., 2013).
Physical activation, which includes carbonization and is more energy-
intensive followed by pyrolysis at 800°C—1000°C (Wang et al., 2009). In
chemical activation, raw materials are impregnated for dehydration pur-
poses with a predetermined ratio of chemical activation agents. H3POy,
K,COs, ZnCl,, NaOH, LiOH, and KOH are a few examples of oxidants
utilized for activation. Then, pyrolysis of activated biomass was placed at
500°C, substantially lower than the temperature required for physical
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Figure 8.6 Different activation mechanisms. Chart of activation.

activation (Wang et al., 2019). Physiochemical activation combines physi-
cal and chemical activation (Chowdhury et al., 2013). It may be done in
two different ways: chemically before carbonization and chemically after
carbonization (Rashidi & Yusup, 2017). The biomass is chemically treated
before being heated and physically activated (Mohd Din et al., 2009). The
second process involves carbonizing biomass and then impregnating bio-
char with chemicals. Biochar is then heated in the presence of an oxidiz-
ing gas or carbonized at a high temperature between 600°C and 850°C.
The order of the chemical activation in this process, according to Lee
et al. (2014), will not have an impact on the quality and textural charac-
teristics of ACs.

Microwave-assisted activation consists of two methods: one-step and
two-step processes. In a one-step process, physical and chemical activation
is accomplished simultaneously to produce higher quality using micro-
wave radiation (Deng et al., 2010), and in a two-step process, carboniza-
tion is followed by activation separately (Abbas & Ahmed, 2016).
According to Ao et al. (2018), the configuration procedure of the micro-
wave, the strength of radiation, the period of activation, raw material
properties, and the interaction between microwave and chemical sub-
stances are significant limitations of the activation process. Table 8.6 shows
the preparation of biochar from different types of sawdust.
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Table 8.6 Making biochar from several kinds of sawdust.

Raw material Preparation method References
Pine wood Scots pine (Pinus sylvestris L.) was pyrolyzed Ozbay et al.
sawdust using a fixed-bed reactor at a temperature (2015)

of 500°C and heating rate of 5°C/min at a
residence time of 1 h in nitrogen
atmosphere (30 mL/min).

Pine wood sawdust (PWS) was pyrolyzed in ~ Khelfa et al.
the microwave with 10wt.% of AC for (2020)
20 min processing time and power varying
from 100 to 800 W.

sawdust Aspen (Populus tremuloides) wood chips were ~ Veksha et al.
placed in the 3 vertical stacked zones in the (2014)
vertical quartz reactor and heated in N2 to
a temperature of 420°C —650°C at a
heating rate of 4°C/min for 1—4 h.

Rubberwood RWSD was pyrolyzed in a tube furnace ata  Shaaban
sawdust temperature ranging from 300°C to 700°C et al.
(RWSD) with a continuous heating rate at 5°C/min (2013)

for 3 h and continuous N, gas purging at
30 mL/min.

Durian wood Durian wood sawdust was produced through ~ Chowdhury
sawdust (Durio slow pyrolysis by a fixed bed reactor from et al.
zibethinus) room temperature to desired temperature (2016)

350°C—550°C at a heating rate of 10°C/
min for 3 h of residence time with nitrogen
purging at 30 mL/min.

8.7 Preparation of nanocomposite films

Synthesis techniques include melt intercalation, solution exfoliation,
and in-situ polymerization (Shankar & Rhim, 2018). Either a mechanical
or chemical procedure may be used to create it. The process is chosen
depending on the required qualities of the final product, the polymeric
matrix, and the nanofiller (Mallakpour & Naghdi, 2018). Using a catalyst
or heat radiation, in situ, polymerization involves adding a monomer to
layered clays and polymerizing. To guarantee that the polymer is created
between the nanoparticles, the nanofiller is dissolved in a monomer
solution before the commencement of the polymerization process.
This method can create fillers with a high loading capacity and polymer-
grafted nanoparticles that are dispersed well (Naz et al., 2015).
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This method was the most effective for spreading the carbon nanofiller in
the polymer matrix to produce a strong contact between them (Lyu et al.,
2019). This method is also appropriate for creating nanocomposite materi-
als employing insoluble and thermally unstable polymers (Shin et al.,
2003). Solution exfoliation is another technique used to create the nano-
composite film in addition to polymerization. This process uses a solvent
to dissolve the multilayer clays into thin, individual platelets, then mixed
with clay suspension to allow the polymer to adhere to the platelets. In
the melt intercalation process, layered clays and polymer matrices are
combined and heated to a particular temperature to produce a molten
state material, according to Zeng et al. (2005). An extruder can carry it
out after that (Zeng et al., 2005).

Since nanocomposites' many components interact with one another and
have varying characteristics and compositions, various variables may impact
how well nanofiller performs its role as reinforcement in the polymer
matrix. Regarding tensile strength and Young modulus, Bhattacharya
(2016) mentioned that filler should have outstanding mechanical properties
(Bhattacharya, 2016). The filler should also be able to distribute effectively
without forming clumps, and it should have a greater aspect ratio (L/D) and
surface area for interacting with the polymer. In particular, the physical and
mechanical characteristics of the nanocomposite biopolymer may be
impacted by the nanofiller’s degree of dispersion (Liu et al, 2005).
According to Dantas de Oliveira and Augusto Gongalves Beatrice (2019),
conventional composites, intercalated, and exfoliated nanocomposites are
three different types of nanocomposite morphology (Dantas de Oliveira &
Augusto Gongalves Beatrice, 2019). A typical composite develops when
there is no intercalation between the polymer and silicate layers, resulting in
various composite phases. Intercalated nanocomposites are created when
intercalation contact exists between the polymer and silicate layer. Several
layers with well-organized morphology make up this kind of nanocompo-
site. Exfoliated structure, meantime, is produced by uniformly and thor-
oughly dispersing silicate layers in the polymer matrix. Previous researchers
often acquired the intercalated and exfoliated structure. A more even distri-
bution of stress is made possible by more dispersion, which enables a good
load transmission to the network of nanofiller., The differences between
nanofiller and polymer characteristics are addressed, contributing to increased
strength by extending the interfacial area of the filler and matrix.

Conversely, alignment might raise their modulus and tensile strength,
causing the composite material to display anisotropy. Due to the
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connection between filler and polymer, external tension exerted on com-
posites may be transferred to the nanofiller, allowing the latter to tolerate
more pressure. The purpose of nanofiller has thus always been to enhance
their interaction and dispersion within the polymer matrix.

Table 8.7 lists several techniques that earlier researchers employed to
create nanocomposite materials based on nanoclay, either with a single or
hybrid filler. The procedure involves dry blending, electrospinning, melt
mixing, melt extrusion, in-situ polymerization, hot pressing, and solution
casting.

Table 8.7 Method of preparing clay/nanocarbon nanocomposite.

Polymer Nanofiller Method References
Polyethylene (PE) Modified MMT  Melt-mixing Merinska et al.
(2012)
Low-Density MWCNT Hot pressing Gorrasi et al.
Polyethylene (LDPE) (2007)
Polypropylene (PP) MMT Melt-Extrusion ~ Duleba et al.
(2014)
Polypropylene (PP) SWCNT Shear-mixing Manchado
et al. (2005)
Polypropylene (PP) MWCNT Melt fiber Jose et al.
spinning (2007)
Polystyrene (PS) MWCNTs Solution casting ~ Qian et al.
(2000)
Poly (methyl Oxidized In situ bulk Jia et al. (1999)
methacrylate) MWCNT polymerization
(PMMA)

Poly (vinyl alcohol) Hydoxy-modified Solution casting  Liu et al. (2005)
(PVA) SWCNT

Polyimide (PI) SWCNT Melt extrusion Siochi et al.
(2004)
Polylactide Nanoclay (3 wt.  Melt mixing Pluta et al.
%) (2007)
Polymer Hybrid Method References
Nanofiller
Low-Density MWCNTs/CB Melt-mixing Paszkiewicz
Polyethylene (LDPE) et al. (2020)
Polypropylene (PP) MWCNTs/Clay  Dilution batch Prashantha
et al. (2014)
High-density MWCNTs/ Dry blending Ali Mohsin

polyethylene (HDPE)  modified MMT et al. (2014)
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§ 8.8 Nanocomposites characterization technique

Understanding the physical and chemical characteristics of PNCs
requires experience in using characterization techniques for nanocomposites.
Several different characterization techniques are often used in studying
polymer nanocomposites. In general, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and X-ray diffraction (XRD)
are the most efficient techniques (TEM). XRD examination may identify
clay alterations by polymer exfoliation or intercalation into clay galleries
(Kanda et al., 2018). Due to its ease of use and accessibility, it is the easiest
way to see how the clay layers possess the gap. The examination may show
a peak for clays and organoclays to be stable with layered structures. The
clay structure’s platelet, or d-spacing, conforms to the peak. When d-
spacing increases, the analytical peak will migrate to lower diffraction angles.
According to Sharma et al. (2012), an increase in the d-spacing value from
18.26854 to 38.05891 showed that the polymer might intercalate into the
space between the layers of platelets and created an intercalated structure
(Sharma et al., 2012). In the meanwhile, the exfoliation structure is indi-
cated by the lack of an intensified peak. According to Chow’s research for
OMMT in 2007, the characterization peak has completely vanished in
epoxy/glass/OMMT. According to this finding, silicate platelets in the
epoxy matrix were exfoliated (Chow, 2007).

SEM and TEM are the best techniques to obtain magnified solutions of
nanoparticles dispersed in the polymer matrix. TEM enables direct observa-
tion of the exfoliation condition of clay, whether it is intercalated or exfoli-
ated. In contrast to magnified scanning, which is accomplished by focusing
the electrical beam on the specimen, TEM creates electronic interference
by passing an electrical beam through an ultrathin specimen. While Fourier
transforms infrared (FTIR), thermogravimetric analysis (TGA), thermome-
chanical analysis, differential scanning calorimeter (DSC), dynamic modulus
analysis, and rheometer are commonly used methods for thermal characteri-
zation and studying the cure behavior of PNCs.

Often employed for qualitative and quantitative examination of their
nanofiller and nanocomposites is Fourier transform infrared (FTIR) spec-
troscopy. FTIR will describe the nanofiller in qualitative evaluations,
including a metal oxide, carbonaceous material, nanoclay, the synergy
effect, and polymer nanocomposites. Whereas in quantitative analysis,
FTIR will change the band of spectra to look at how the characteristics of
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the nanocomposite film are affected by the nanofiller. Also, this method
may offer information on the composition of functional and structural
groupings (Jaleh & Fakhri, 2016). When a sample is heated, TGA measures
the change in sample mass and determines if it is chemical or physical
(Kanda, 2018). For investigating phenomena that occur during the thermal
scan of nanofiller and PNC, such as crystallization, glass transition, cure
kinetics, and melting, DSCs were often utilized (Corcione & Frigione,
2012). Dynamic mechanical analysis, however, focuses on describing the
viscoelastic characteristics of polymers (Kanda et al., 2018) as nitrogen gas is
an inert gas and may be used in BET research to measure pore size and sur-
face area and calculate material-specific surface area (Brunauer et al., 1938).

S 8.9 Methodology

8.9.1 Materials

The raw material for this research is pine sawdust (biomass to produce
nanocarbon), obtained from the Russian Federation (Fig. 8.7) and was air-
dried before storage for subsequent use. Modified MMT K10 was obtained
from Sigma-Aldrich. Polylactic acid (4043D grade) powder with 1.24 g/
em’® density and 145°C-160°C melting point. Other chemical includes
acetic acid glacial 100% (Merk KgaA) and Chloroform (Merk KgaA).

Figure 8.7 Sawdust of pine obtained from Vyatka State University.
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8.9.2 Design of experiment with response surface
methodology

A collection of analytical techniques called response surface methodology
(RSM) examines the connections between controlled experimental condi-
tions and computed responses that rely on one or more parameters (Box &
Wilson, 1951; Gao et al., 2007). For the manufacture of graphene oxide
PNCs, Perez et al. (2017) used the RSM approach to optimize the concen-
trations of graphene oxide (GO), glutaraldehyde (GLA), and polyethylenei-
mine (PEI) (Perez et al.,, 2017). Yalcinkaya et al. (2010) used RSM to
investigate the effects of organoclay concentration and polymerization speed
on creating PS-MMT nanocomposites (Yalcinkaya et al., 2010).

The hybrid filler bionanocomposite was developed in this experiment
using the RSM technique, which also helped to discover the best condi-
tions for mixture composition and process parameter optimization. The
input variables are varied throughout a series of test runs to detect changes
in the output response. To examine the initial design and carry out the
design of the experiment, the statistical program “Design Expert ® soft-
ware version 11.” will be used (DOE). This software offers comparison
testing, screening, characterization, optimization, resilient parameter
design, mixture designs, and combination designs. Moreover, it offers test
matrices that are constructed using analysis of variance (ANOVA) for
screening up to 50 components. Also, it aids in determining how each
aspect affects the intended outcome and highlights any possible data
errors. Various material compositions are anticipated to be produced to
create the nanocomposite.

8.9.3 Biomass preparation

The Panasonic MX-AC400 Mixer Grinder grounds the pine sawdust into
even smaller pieces. After the grid procedure, the sample was sieved
through a 900 pm sieve to generate particles with the same micrometer
size and it was then kept in a cold, dry location for later use.

8.9.4 Pine sawdust chemical activation

A 0.05 M stock solution was made from 100% pure (glacial) acetic acid.
The solution was then diluted till the pH was between 4 and 5. The
diluted acid’s ultimate pH was 4.5 shown in Fig. 8.8A. According to pub-
lished literature, the pine sawdust was impregnated with an acetic acid
solution (1:1) at a ratio of 1/5 (w/v) (Jiao et al., 2017). The mixture was
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Figure 8.8 (A) Acetic acid with pH4.5, and (B) chemical activation process. Acetic
acid and its chemical activation.

slowly stirred for 1 and a half hours (Fig. 8.8B). Following activation, the
mixture was rinsed with distilled water until the wastewater became neu-
tral, then dried for 48 hours at a temperature between 33°C and 45°C
before carbonization. The sample was regularly removed and mixed to
ensure equal heating. Moreover, the changeable hotspots throughout the
drying process are eliminated.

8.9.5 Pine sawdust carbonization

The carbonization process was performed in an LT furnace at the Civil
Geotechnical lab, UNIMAS. The dried mixture of precursor and the acti-
vating agent were then transferred into a ceramic bowl and wrapped using
aluminum foil and a layer of clay before the carbonization process to pre-
vent sample oxidation. Subsequently, placed into the LT furnace for the
carbonization process. About 500 g of raw pine sawdust and 650 g of acti-
vated pine sawdust were inserted into the furnace. During the carboniza-
tion step, the temperature ramped from room temperature to 200°C to
400°C with a heating rate of 10°C/minute. At 400°C, the carbonization
temperature was held (soaking) for 1 hour. The furnace was cooled at
6.16°C/minute until it reached room temperature. The sample was left
overnight and removed from the furnace in the morning. Fig. 8.9A and B
depict LT Furnace and the graph of time settings for the carbonization
process. As illustrated in Fig. 8.10, when the carbonization process was
finished, the biochar was collected and sieved through a 200 pm sieve to
decrease its size further and aid in the ball milling procedure.
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Figure 8.9 (A) LT Furnace, and (B) time setting for LT furnace. Furnace and the time
setting used for the biocarbon process.

e

Figure 8.10 Biocarbon obtained after process.

8.9.6 Ball milling process

Fig. 8.11A depicts the ball milling device to create nanoscale biochar. The
generated biochar is pulverized in a grinder for around 5 minutes at a
speed range from 18,000 to 20,000 rpm to aid the ball milling process
according to the Planetary ball mill requirements. 20 stainless steel balls
weighing 0.5 g each are used to compress the biochar to a size of around
55% in two cylindrical containers. The biochar was ground for 30 hours,
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Figure 8.11 (A) Retsch PM400 ball milling machine, and (B) fine biochar.

and samples were frequently taken for testing. After being ball milled, the
fine biochar is shown in Fig. 8.11B.

8.9.7 Preparation of bio-nanocomposite by solution casting
method
According to Table 8.8, the nanocarbon/MMT/PLA combination was
uniformly blended. The combination of biochar, MMT, and PLA was
dissolved in chloroform at 55°C on a hot plate machine. The mixture was
continuously agitated with a magnetic stirrer until the PLA powder dis-
solved and the liquid thickened. The mixture was then transferred to a
glass Petri dish and left to cool overnight at room temperature. The film
is then removed for analysis.

Fig. 8.12 depicts the created bio-nanocomposite film with increasing
nanocarbon loading at 0.25, 0.50, 0.75, and 1 wt.%. The fixed MMT
weight percentage was 1 wt.%.

8.9.8 Characterization of nanocarbon/clay bio-
nanocomposite

Characterizing a nanocarbon/MMT/PLA bio-nanocomposite involves
conducting analytical research on its morphological, chemical, and physi-
cal characteristics. PSD, FTIR spectroscopy, SEM, and BET measure-
ments were all used in the characterization (BET). The real test is
performed many times for each sample, and the most representative find-
ings are chosen.
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Table 8.8 Composition of polylactic acid-based bio-nanocomposite.

PLA (wt.%) RC/AC (wt.%) MMT (wt.%)
100 0 0
98.75 0.25 1
98.5 0.50 1
98.25 0.75 1
98 1 1

Owt%

Figure 8.12 Pure polylactic acid (PLA) and nanocarbon/montmorillonite (MMT)/PLA
bio-nanocomposite film. Bio-nanocomposite film made from PLA and nanocarbon/
MMT/PLA.

8.9.8.1 Particle size distribution

The laser particle size analyzer (CILAS 1090) measures the particle size of
activated and unactivated biochar in liquid mode at intervals between
0.04 and 500 pm. PSDs of the two biochar types are compared before
and after ball milling (ABM).

8.9.8.2 Bunauer—Emmett—Teller surface area analysis

The study of BET surface area of biochar samples with N, adsorption
uses a Quantachrome Autosorb iQ (Quantachrome Instruments, Boynton
Beach, FL, USA) under (Standard Test Method for Carbon Black—Total
& External Surface Area by Nitrogen Adsorption, 2014) standard. The
analysis is done for 12 hours at a degassing temperature of 250°C.

8.9.8.3 Scanning electron microscopy (SEM-EDX)

Using Hitachi’s TM4000 Plus tabletop SEM, biochar and bio-
nanocomposite SEM micrographs were taken (Tokyo, Japan). The sam-
ples were mounted to the aluminum stubs using double-sided adhesive
tape. The SEM’s field emission gun was used in BSE and conventional
vacuum modes to take images of composite and biochar at magnifications
of 60—1500 X . The test was carried out under the (Standard Guide for
Preparation of Plastics & Polymeric Specimens for Microstructural
Examination, 2021) standard. Before X-ray net counts were collected,
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SEM-EDX analysis was utilized to ascertain the film’s elemental composi-
tion and distribution in a randomly chosen location.

8.9.8.4 Fourier transform infrared spectroscopy

By locating the existing functional groups in activated/nonactivated bio-
char and bio-nanocomposite, nanocomposites with IR spectrum bands in
the range 4000—4000/cm were analyzed using a Shimadzu IR Affinity-1
FTIR spectrophotometer. The examination of the qualitative and quanti-
tative components of the FTIR spectrum was performed under ASTM
E1252-98 (2021) (“Standard Practice for General Techniques for
Obtaining Infrared Spectra for Qualitative Analysis,” n.d.) and ASTM
E168-16 (2023) (“Standard Practices for General Techniques of Infrared
Quantitative Analysis,” n.d.) standards. Combining 1 mg of raw biochar
and 200 mg of IR-grade KBr powder and pressing the mixture into a
pellet using a hydraulic press, the raw and activated biochar are ready for
FTIR analysis for carbon analysis.

g 8.10 Results and discussions

8.10.1 Particle size distribution

In the PSD study, the range of size distribution for raw pine sawdust bio-
char (non-AC Pine) before ball milling (BBM) ranges from 210 to 13 pm,
with 90% of the biochar being 208 pm and a mean diameter of 90 pm.
In contrast, the size of the biochar particles in acetic acid-activated pine
sawdust (AC Pine) BBM ranged from 117 to 13 pm, with 90% of
the particles being tiny (116.11 pm) and having an average mean diameter
of 56.41 pm.

The raw pine sawdust biochar PSD in a water suspension with ultra-
sonic dispersion is shown in Fig. 8.13. The distribution of raw pine sawdust
biochar by a laser analyzer reveals a broad range of particle sizes from 1.15
to 14.50 pm, with 90% of the biochar being 13.55 pm and a mean diame-
ter of 7.07 pm. In contrast, the size of the particles in activated pine sawdust
biochar spans from 0.35 to 22 pm, with 90% of the particles being less than
21.66 pm and having an average mean diameter of 9.78 pm.

The particle size is observed to grow rather than decrease after 30 hours
of ball milling (ABM 30 hours). It may sometimes occur as a result of
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Figure 8.13 Particle site distribution of (A) non-AC Pine before ball milling (BBM),
(B) AC Pine BBM, (C) non-AC Pine BBM 6 h, (D) AC Pine ABM 6 h, (E) non-AC Pine
ABM 30 h, and (F) AC Pine ABM 30 h.

particle agglomeration, and larger particle sizes are also seen (Cetin et al.,
2004). Agglomeration occurs when attractive forces are greater than repul-
sive forces, and the finer the particle, the stronger these forces are (Mishra
& Ramaprabhu, 2012). A group of loosely linked particles, an aggregate, or
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Table 8.9 Effect of ball milling time on particle size.

Duration BBM 0 h ABM 6 h ABM 30 h
Type Non-AC  AC Non-AC  AC Non-AC  AC
Pine Pine Pine Pine Pine Pine
Ultrasounds (s) 100 100 100 100 100 100
Diameter at 10% (um) 12.62 12.08 1.15 0.39 1.38 1.15
Diameter at 50% (pm) 57.23 46.88 6.76 8.32  10.66 10.42
Diameter at 90% (pm)  208.60 116.11 13.55 21.66 28.40 25.61
Mean diameter (jum) 90.42 56.41 7.07 9.78 12.98 11.98

a combination of two, with a resultant exterior surface area comparable to
the total of the surfaces of the individual components, is identified as an
agglomeration process (ISO/TS, 2008). Van der Waals force and physical
entanglement are two examples of weak forces that keep the aggregate
together (Henry et al., 2013). Table 8.9 summarizes the impact of ball mill-
ing time on particle size; it demonstrates that when the time of ball milling
is increased, the size of the particles is decreased from micrometer to nano-
scale, increasing the specific surface area.

8.10.2 Bunauer—Emmett—Teller analysis for biocarbon

According to Li et al. (2013) and Zhao et al. (2017), the pyrolysis process
of biomass may also gradually breakdown organic molecules like cellulose
and lignin, increasing the surface area and volume of pores (Li et al.,
2013; Zhao et al., 2017). Certain amorphous carbon structures can also
emerge because of the degradation of cellulose (Zhao et al., 2017).
Biochar made from pine sawdust has a huge surface area and a highly
porous structure after pyrolysis; ball milling may further improve the sur-
face area. Earlier investigations have shown that the biochar grains might
be broken into ultrafine particles during ball-milling (Peterson et al.,
2012). Table 8.10 BET data shows that non-AC and AC have more sur-
face area ABM.

BET surface area for the non-AC was 1.41 m”/g at the outset, com-
pared to 0.24 m*/g for the AC. According to Lyu et al. (2019), the
common unmilled biochar generated at low temperatures, had a very low
surface area of 0—2m?/g, and the surface area rose to 8.3—10.8 m>/g ABM
(Lyu et al., 2019). According to research by Qiu et al. (2009), nonactivated
carbon (biochar) had a BET surface area marginally greater than activated
carbon, at 1057 m*/g and 970 m*/g, respectively (Qiu et al., 2009).
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Table 8.10 BET results of non-ac carbon and activated carbon.

Specific Average pore  Total pore
surface (m%/g)  size (A) volume (cc/g)
Before ball milling (BBM)
Non-AC Pine BEM 1.405 19.73 nm 1.386¢e-02
AC Pine BBM 0.237 54.47 nm 6.146¢e-03
After ball milling (ABM)
Non-AC Pine ABM 5.331 11.13 nm 2.969¢-02
AC Pine ABM 9.368 6.73 nm 3.154¢-02

Nevertheless, due to the average pore diameter of biochar (5.2 nm) being
bigger than that of activated carbon (0.32 mL/g), the micropore volume of
biochar is lower (0.24 mL/g) than that of activated carbon (3.3 nm).
According to Shaaban et al. (2013), the release of more volatile materials
from biomass causes the temperature of pyrolysis to have a substantial influ-
ence on the growth of the surface area and pores. It also explains how
some volatile stuff may still be trapped within the nonactivated carbon’s
(biochar) limited surface area.

The BET surface area of non-AC and AC rose to 5.33 and 9.37 m*/g,
respectively, after the ball milling procedure. As a result, compared to the
sample BBM, milling increased the surface area of non-AC and AC by a
factor of 4 and 40 times, respectively. Because of its larger porosity from
acid impregnation and a tendency for its structure to be weak due to ball
milling’s mechanical effect, the AC is discovered to have the highest increase
factor. Nevertheless, owing to the ball milling conditions, such as the ball-
to-sample ratio, milling speed (rpm), duration, and milling medium, the final
surface area of biochar and the pore volume of both products do not reach
the same or equivalent results (Peterson et al., 2012).

The increased surface area of non-AC and AC are demonstrated by
multipoint, and isotherm BET, plots, provided in, Figs. 8.14—8.16.
Except for activated biochar BBM, all samples indicate that relative
pressure (P/P;) is precisely proportional to STP volume (cc/g). P/P, is
known as the relative pressure, the ratio of adsorbate pressure to saturation
pressure. As seen in Fig. 8.14, carbon always has a bigger volume after
30 hours of ball milling than it had previously. The adsorption and
desorption isotherms of all biochar are shown in Figs. 8.15 and 8.16.
The graph provides details on each sample’s adsorption and desorption
capacities. The results also show that the adsorption and desorption of
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Figure 8.14 Multi-point, Brunauer—Emmett—Teller, plot, of all, biochar, samples.
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Figure 8.15 Adsorption isotherm Brunauer—Emmett—Teller plot of all biochar samples.

biochar increase when the ball milling duration is increased. More N,
gas may be absorbed with a larger surface area and pore capacity. In con-
clusion, the ball milling method has enhanced the surface area of both
nonactivated (biochar) and activated carbon and their adsorption and

desorption capacities.
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Figure 8.16 Desorption isotherm Brunauer—Emmett—Teller plot for all biochar samples.

8.10.3 Scanning electron microscopy-energy dispersive X-ray
analysis

8.10.3.1 Scanning electron microscopy-energy dispersive X-ray
analysis for biochar

Scanning electron microscopy analysis

The SEM analysis showed that the pine sawdust biochar gradually reduced
in size after a lengthy ball milling procedure. Fig. 8.17 displays the SEM
images of the unactivated (non-AC Pine) and acetic acid-activated (AC
Pine) pine sawdust biochars BBM. Fig. 8.18 depicts the changes in particle
size following ball milling for 6 hours (ABM 6 hours), and Fig. 8.19 depicts
the changes following ball milling for 30 hours (ABM 30 hours).

Fig. 8.17 shows how the SEM results revealed the morphology of the
starting material for raw pine biochar and activated pine biochar. They
have a dense fibrous structure organized orderly with the characteristic of
pores found on the surface and some longitudinal fracture along the surface,
probably due to dehydration and volatilization of pine sawdust in a high-
temperature furnace. As seen in the red circle, it was discovered that the
AC Pine had a rougher surface and more micropores than the non-AC
Pine. The results demonstrate that the char’s uneven and roughed-up struc-
ture gives it great potential for adsorbate retention. After being ball milled
for 6 hours, Fig. 8.18 demonstrates that both biochar particles exhibit
microsize range particles, with some nanosized particles also observed in a
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THMA40D0 Bk 9.3mm «200 BSEM
Figure 8.17 SEM images with 200 X magnification at 5kV voltage for pine

sawdust-derived biochar before ball milling (BBM): (A) non-AC Pine BBM and (b) AC
Pine BBM.

sawdust derived biochar after 6 h of milling: (A) non-AC Pine ABM 6 h and (b) AC

Pine ABM 6 h.

TMA000.5kV 9.4mm " Ak T ' I TMA090 SKE Smr 11 SOCBSEM BT T A am”

Figure 8.19 SEM images with 1500 X magnification at 5 kV for pine sawdust derived
biochar after 30 h of milling: (A) non-AC Pine ABM 30 h and (b) AC Pine ABM 30 h.
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tiny proportion. According to Fig. 8.19, which shows ABM 30 hours, the
irregular granular-like carbon particles are shown to become nanosized in
about 1 nm (1000 nm) and exhibit the feature of agglomeration. The high-
est limit of nanoparticles indicated by the House of Lords Science
Committee, according to Klaessig et al. (2011), is 1000 nm, consistent with
the most recent research findings (Klaessig et al., 2011).

Energy dispersive X-ray analysis
Table 8.11 shows the element composition of biochar made from non-AC
pine BBM, after 6 hours of milling (ABM 6 h), and after 30 hours of mill-
ing (ABM 30 h). The graphs associated with the data in Table 8.11 are
shown in Figs. 8.20—8.22. According to Table 8.11, the elements in the
sample include iodine, silicon, scandium, oxygen, carbon, and silicon.

The EDX element composition of activated pine sawdust is shown in
Table 8.12, and the spectrum graphs are shown in Figs. 8.23—8.25
in connection to the data from Table 8.12. According to Table 8.12,

Table 8.11 Energy dispersive X-ray element composition of non-AC pine derived
biochar before ball milling and after ball milling.

Element Atm no. Mass [%] Atom [%] Abs. error [%] Rel. error [%]
-1 sigma -1 sigma

0 h milling (BBM)

I 53 95.28 66.64 19.67 20.64
C 6 4.16 30.72 0.48 11.55
O 8 0.43 2.36 0.080 18.81
Sc 21 0.14 0.28 0.053 37.23
6 h milling (ABM 6 h)

C 6 74.89 83.93 8.22 10.97
O 8 15.61 13.13 2.01 12.88
S2¢ 21 8.99 2.69 1.64 18.29
Si 14 0.52 0.25 0.06 11.31
30 h milling (ABM 30 h)

C 6 73.19 83.46 8.30 11.34
O 8 14.96 12.81 2.09 13.99
Sc 21 11.19 3.41 2.23 19.97
Si 14 0.66 0.32 0.07 10.91

Cs 55 0 0 0 10
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Figure 8.20 Energy dispersive X-ray spectrum graph of non-AC before ball milling.
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Figure 8.21 Energy dispersive X-ray spectrum graph for non-AC after ball milling 6 h.

the elements that exist in the sample are iodine, carbon, oxygen, scan-
dium, silicon, and silver.

According to the EDX results for each biochar, it is seen that C and O
are the main elements. The findings show that the major skeleton of
the biochar sample is composed of carbon with oxygen and oxygen func-
tional groups like —COOH and —OH as well as oxygen metal minerals
like phosphate, sulfate, and carbonate (Liang et al., 2016). Raw pine sawdust
has more carbon and oxygen than Tables 8.11 and 8.12 indicate.
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Figure 8.22 Energy dispersive X-ray spectrum graph of non-AC after ball milling30 h.

Table 8.12 Energy dispersive X-ray element composition of AC pine-derived biochar
before ball milling and after ball milling.

Element Atm. No. Mass [%] Atom [%] Abs. error [%] Rel. error [%]

-1 sigma -1 sigma
0 h milling
I 53 96.69 74.52 18.15 18.77
C 6 2.84 23.10 0.34 11.84
O 8 0.340 2.08 0.068 20.07
Sc 21 0.11 0.25 0.046 40.97
Si 14 0.011 0.039 0.001 8.81
Ag 47 0.011 0.01 0.0017 15.43
6 h milling
C 6 73.84 83.25 8.11 10.98
O 8 16.27 13.77 2.09 12.85
Sc 21 9.89 2.98 1.77 17.92
30 h milling
C 6 72.94 83.06 8.00 10.98
O 8 15.60 13.34 2.00 12.87
Sc 21 10.85 3.30 1.89 17.40

Si 14 0.61 0.30 0.06 10.32
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Figure 8.23 Energy dispersive X-ray spectrum graph of AC before ball milling.

cps/eV

s
o

2]
)

37
2
1]
1 2 3 4 5 6 7
Energy [keV])

Figure 8.24 Energy dispersive X-ray spectrum graph of AC after ball milling 6 h.

However, there is a minor quantity of another ingredient in the mix. The
carbon contents of RC Pine and AC pine have been recorded as 74%—
75%. One study stated that fixed carbon presence in pine shaving was
correlated with the pyrolysis temperature of biomass. As the temperature
increased from 100°C to 700°C, the C% increased from 50.60% to 92.30%.
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Figure 8.25 Energy dispersive X-ray spectrum graph of AC after ball milling 30 h.

At a temperature of 400°C, the elementary composition of pine shaving
comprises C (74.10%), H (4.95%), O (20.90%), and N (1.14%), with a sur-
face area of 28.7 m*/g (Ahmad et al., 2014). The changes in the mass per-
centage of elemental components are due to milling conditions, such as
time and the ratio of ball to biochar. The biochar produced had the smallest
particle size of 274 nm and a 93% mass percentage of carbon. Carbon ele-
ments present in the highest percentage, and the reduced particle size,
increased the carbon mass percentage, as indicated by their EDX results.
The varied elemental compositions could be associated with the consistency
of the EDX machine to detect and characterize elements present in the
sample.

8.10.3.2 Scanning electron microscopy-energy dispersive X-ray
analysis for Bio-nanocomposite
Scanning electron microscopy analysis

As shown in Fig. 8.26, empty matrix materials often have fractured
cross-sectional surfaces that are relatively smooth due to the lack of
large-scale plastic deformation. This PLA fracture pattern also explains
why the film-drying fracture occurred since pure PLA polymer is
innately brittle (Yuniarto et al.,, 2017). Several gaps have been noticed
due to the moisture absorption of samples during the manufacturing
process (Cheung et al., 2008). To improve the features of PLA film,
which include brittleness, poor thermal stability, and low water vapor
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Figure 8.26 Scaning electron microscopy morphology of pure polylactic acid with
100 X (left) and 250 X (right) magnification at 15 kV.

and oxygen barrier (Garlotta, 2001), nanofiller such as nanoparticles and
nanofibers may be added to PLA film (Baheti et al., 2014; George &
Siddaramaiah, 2012). Images of the fracture cross-sectional surface of
nonactivated nanocarbon/MMT/PLA with increasing carbon loading at
0.25, 0.50, 0.75, and 1 wt.% are shown in Fig. 8.27A—D.

The surface topology of clean PLA becomes rough with the addition
of the nanocarbon/MMT filler, resulting in uneven filler distribution
within the matrix. The inclusion of filler impacted the composites'
homogeneity, resulting in a heterogeneous structure containing visible
biochar particles. This investigation set the MMT concentration at 1 wt.
% since greater MMT concentrations caused premature material failure
before the shearing process could begin (Jiang et al., 2007). The MMT
K10 is employed in these investigations, which has been thermally and
acid-treated to produce highly porous materials with a large surface area
and nanopores. Thermal processing causes MMT’s crystal structure to be
substantially broken, and MMT K10 also loses its swelling properties
(Maiti et al., 2016). It is known that a persistent net negative charge
may arise in K10 when the cations undergo isomorphic substitution
(Tombacz & Szekeres, 2006). It makes chemically modified MMT
less hydrophilic. The characteristics of clays shift from hydrophilic to
hydrophobic when organo-minerals from biochar, including K™ ions,
are added. MMT may attach to biochar’s flaky structure, porous mor-
phology, and embedded lattices of carbonaceous material (Ashiq et al.,
2019). By exerting high stiffness and suppressing the chain of PLA,
MMT particles will boost the tensile strength and Young Modulus
of the nanocomposite, creating no deformation (Yang et al., 2007).
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(A) 0.25wt%

Uneven
distribution

Figure 8.27 Scaning electron microscopy morphology of bio-nanocomposite film:
(A) 0.25 wt.% non-AC/montmorillonite (MMT)/polylactic acid (PLA), (B) 0.50 wt.% non-
AC/MMT/PLA, (C) 0.75 wt.% non-AC/MMT/PLA, and (D) 1 wt.% non-AC/MMT/PLA.

This improvement resulted, from MMT dispersion, platelet alignment
within PLA, silicate interlayer augmentation, and polymer matrix incor-
poration of MMT (He et al., 2011; Yang et al., 2007).
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Modest loading of 0.25 wt.% RC may cause plastic deformation and
the creation of air spaces. It is discovered that filler dispersion in the PLA
matrix might affect matrix characteristics. Due to insufficient biochar filler
dispersion, the PLA matrix exhibits poor interfacial contact and particle
debonding at low carbon loading. MMT powder and nanocarbon with
smaller particle sizes may better disperse in the PLA matrix. The tiny,
white bits are nanofillers incorporated into the PLA matrix (Gond &
Gupta, 2021), though it is challenging to identify the nanocarbon in a
hybrid nanocomposite. This is because MMT may be attached to nano-
carbon or even coated by MMT platelets. Since less nanofiller is
employed and there is less filler-matrix interaction, it is evident that the
distribution is unequal at 0.25 wt.%. Yet, an equal distribution is seen after
increasing the nanofiller loading.

Nevertheless, more interaction between PLA and biochar was seen
when RC Pine loading increased steadily to 0.50 and 0.75 wt.%. There is
less void because PLA and biochar are compatible since they are both
hydrophobic (Kothapalli et al., 2005; Nitayaphat et al., 2009). They can
efficiently transmit pressure because as filler loading increases, interparticle
distance decreases, and sample resistance to indentation due to applied
force increases (Devendra & Rangaswamy, 2012; Phutane et al., 2013).
The increased connection between the PLA and biochar particles results
in less debonding when stress is applied, which raises the composite’s flex-
ural characteristics. The red circle shows the existence of certain micro-
voids inside the PLA matrix, and plastic deformation is less visible owing
to enhanced interfacial contact between the filler and PLA matrix.

The surface of the composite has a smoother appearance with some
surface fracture and agglomeration characteristics at 1 wt.% filler loading
of biochar in PLA matrix. Due to the usage of hybrid filler, at high filler
loading contents, the interaction between the fillers is more favorable than
between the filler and matrix, leading to filler agglomeration (Arjmandi
et al., 2014, 2016). The composites' eftective cross-sectional area would
decrease as microfracture developed. It was suggested that biochar was
under stress, which encouraged the development of cracks when the filler
was loaded and resulted in flexural strength that was less robust than pure
PLA. Images of the fracture cross-sectional surface of activated nanocar-
bon/MMT/PLA with increasing carbon loading at 0.25, 0.50, 0.75, and
1 wt.% were shown in Fig. 8. 28A—D.

As noted in the BET study, activated carbon has a greater surface
area and pore volume. Activated biochar and MMT were used to create a
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Figure 8.28 Scaning electron microscopy morphology of bio-nanocomposite film:
(A) 0.25 wt.% AC/montmorillonite (MMT)/polylactic acid (PLA), (B) 0.50 wt.% AC/MMT/
PLA, (C) 0.75 wt.% AC/MMT/PLA, and (D) 1 wt.% AC/MMT/PLA.

bio-nanocomposite that had improved interfacial interaction. Intense
carbonization temperatures and chemical activation created activated
carbon with a high surface area and porous structure. PLA solution might
flow into the activated carbon structure when the mold was cooled, creat-
ing a physical/mechanical interlocking structure. Compared to the
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interfacial structure made of fiber and polymer, this biochar and polymer
interlocking structure could transmit stress more efficiently and had super-
1or flexural characteristics (Das et al., 2016). The PLA-based composite is
shown in Fig. 8.28A to have a smoother surface at 0.25 wt.% AC loading.
However, film fracturing was seen when the magnification of the
observed region’s micrograph was raised. The matrix began to improve
when the hybrid filler interacted with the PLA matrix to avoid plastic
deformation with further increments of AC loading to 0.50 and 0.75 wt.
%. The benefits of using biochar as a filler were evident in the SEM
micrographs of the biochar-reinforced composite.

Nevertheless, when activated biochar raised the filler loading to 1 wt.
%, a substantial gap was generated, leaving a huge air space inside the
PLA matrix. Major deformation and surface roughness were observed.
Due to the filler and PLA’s weak interfacial adhesion, the heterogeneous
matrix began to break and spread to the bottom portion region. It was
anticipated that the outer layer would seem to be peeling oft if an external
force exacerbated the split.

Energy dispersive X-ray analysis

Tables 8.13—8.15 indicate the elemental composition of pure PLA, non-AC/
MMT/PLA bio-nanocomposite, and AC/MMT/PLA bio-nanocomposite,
while Figs. 8.29—8.31 show the corresponding EDX spectra.

C, Oy, and Cl are the three elements in pure PLA film. This outcome
is akin to some literature (Gond & Gupta, 2021). Table 8.13 provides
information on pure PLA’s mass and atom percentages, while Fig. 8.29
displays the EDX spectrum. Studies proved that the primary elements
present in PLA are carbon (C) and oxygen (O). Biocarbon nanocomposite
concentration decreases, and its other element composition increases due
to the addition of nanocarbon and MMT filler.

As shown in Tables 8.14 and 8.15, bio-nanocomposite has the highest
percentage of C (54%—55%), with O, coming in second (32%—40%) and
other elements like Cl, Ni, Cl, P, Na, and K standing out. Na and K are
present in lesser amounts. High amounts of carbon fraction and other

Table 8.13 Energy dispersive X-ray element composition of pure polylactic acid.
Element Atmno. Mass[%] Atom [%] Abs. error [%]  Rel. error [%]

(1 sigma) (1 sigma)
C 6 54.02 61.49 6.15 11.38
O 8 44.31 37.87 5.20 11.74
Cl 17 1.66 0.64 0.08 5.01
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Table 8.14 Energy dispersive X-ray element composition of non-AC/

montmorillonite/polylactic acid bio-nanocomposite.

Element Atm no. Mass [%] Atom [%] Abs. error [%] Rel. error [%]
(1 sigma) (1 sigma)

C 6 55.65 64.45 7.70 13.84

O 8 39.16 34.05 5.99 15.31

Ni 28 3.59 0.85 0.23 6.40

Cl 17 1.05 0.41 0.08 7.92

P 15 0.54 0.24 0.06 11.80

Table 8.15 Energy dispersive X-ray element composition of AC/montmorillonite/

polylactic acid bio-nanocomposite.

Element Atm no. Mass [%] Atom [%] Abs. error [%] Rel. error [%]
1 sigma 1 sigma

C 6 53.99 65.99 4.75 18.76

O 8 31.68 29.07 3.26 21.95

Ni 28 7.82 1.96 0.26 7.16

Cl 17 2.76 1.15 0.12 9.26

P 15 2.23 1.06 0.11 10.90
Na 11 0.77 0.49 0.10 29.29

K 19 0.73 0.27 0.06 19.93

a
2 . a ;1 rls 10 12 I :!-1
Energy [keV]

Figure 8.29 Energy dispersive X-ray spectrum graph for pure polylactic acid.
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Figure 8.30 Energy dispersive X-ray spectrum graph for non-AC/montmorillonite/
polylactic acid bio-nanocomposite.
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Figure 8.31 Energy dispersive X-ray spectrum graph for AC/montmorillonite/polylac-
tic acid bio-nanocomposite.

minerals, such as alkaline earth metals (Ca, Mg, etc.) or alkali metals (K,
Na, etc.), are often found in biochar in the form of carbonates, phos-
phates, or oxides. Al concentration is minimal (unable to be identified),
whereas Na and K are present in minuscule amounts, according to EDX
examination. It indicates that during acid treatment, certain ions are lea-
ched off (Borah & Das, 2018).
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8.10.4 Fourier transform infrared analysis

8.10.4.1 Fourier transform infrared analysis for biochar

The FTIR spectra of non-AC Pine BBM, non-AC Pine ABM, AC Pine
BBM, and AC Pine ABM, produced under identical carbonization condi-
tions, are shown in Fig. 8.32A and B.
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Figure 8.32 Fourier transform infrared spectra of biochar: (A) non-AC before ball
milling (BBM) and after ball milling (ABM), and (B) AC BBM and ABM.
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Generally, the two spectra in Fig. 8.32A and B do not significantly
vary; this indicates that the chars have a similar structure, a large carbon
matrix with some oxygenate functional groups, and an absence of a major
aliphatic structure. The peak indicated the presence of water, phenols,
and alcohol at 3100—3800/cm, which was attributable to the —OH
vibration (Sajjadi et al., 2019). The peak confirmed alkenes and carboxylic
acid at 2929—2935/cm, attributed to CH, and CHj3 asymmetric and sym-
metric stretching vibrations. Carbonyl C = O stretching is correlated with
a wavelength of around 1700/cm.

The interaction of cellulose and lignin during heating causes the
peak to develop (Worasuwannarak et al., 2007). Conjugated ketones,
quinones, and aromatic C = C and C = O stretching are blamed for the
peak intensity of 1590—1600/cm, which suggests that phenolic and
carboxylic chemicals are present in lignin (Uchimiya et al., 2011). The
symmetric C = O in cellulose, hemicellulose, and lignin cause peaks in
1033—1270/cm. Compared to acid-activated biochar, the peak was
much lower for raw biochar, which explained why cellulose, hemicellu-
lose, and lignin disruption occurred following acid treatment (Palniandy
et al., 2019). At 1022—1043/cm, a wide band that may exhibit the char-
acteristic of C—O—C asymmetric stretch was produced (Sajjadi et al.,
2019). The presence of mono and polycyclic substituted aromatic groups
was verified by the adsorption band 862—611/cm associated with C—H
bending vibrations (Qian et al., 2000; Qian et al.,, 2013; Qian et al.,
2016).

Compared to raw biochar, the peak of acid-treated biochar was
approximately 3600—3800/cm for OH— stretching, 2800—3000/cm for
C—H stretching to become sharp, and a new peak around 1500—1600/cm
showed the existence of C=C/C =0 stretching. This is because the
acidic surface functional groups, which may take the forms of lactone,
quinone, hydroxyl, carbonyl, and carboxyl, are enhanced (Nizamuddin
et al., 2015; Yin et al., 2007). The higher peak is likely due to the
hydroxyl and carboxyl groups since these functional groups are similar
to those of acetic acids, such as —COOH and —OH. In addition, it is
discovered that raw and activated biochar exhibit a notable increase in
O—H stretching and aromatic C—H bending following ball milling.
According to one research, ball milling of carbonaceous materials might
introduce functional groups that include oxygen, such as carboxyl
and hydroxyl groups (Munkhbayar et al., 2013). Hence, the high apex

‘was seen.
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8.10.4.2 Fourier transform infrared analysis of bio-nanocomposites
Figs. 8.33 and 8.34 show the FTIR spectra of pure PLA and PLA-MMT
blends, respectively, with various loadings of nonactivated nanocarbon at
0.25, 0.50, 0.75, and 1 wt.%. Fig. 8.35 shows the FTIR spectra of acti-
vated nanocarbon.

FTIR analysis was compared to determine the composite’s presence
and nature of interfacial interactions. Fig. 8.33 depiction of PLA demon-
strates the typical stretching frequencies for the material: OH stretching at
3741.90/cm, C = O ester carbonyl groups at 1749.44/cm, and the C—O
stretching band at 1184.29 and 1083.99/cm. Although bending vibration
was seen at 1361.74/cm, the asymmetric and symmetric stretching bands
of C—H from CH” groups of the side chains were seen at 2997.38/cm.
The C—H stretching group was responsible for the main chain of PLA at
2946/cm, and their bending vibration emerged at 1384 and 1358/cm (Li
& Sun, 2010). PLA had large peaks at 1750 and 1180/cm related to its
C =0 and C—-O—C stretching, respectively (Mofokeng et al., 2012).
These peaks can be seen in the spectra of all bio-nanocomposite materials.
It is because each composite contains around 98 wt.% t of the substance.
The variation in PLA peak intensities in each composite point to a modi-
fication in the molecular arrangement in polymer chains (Mohanty et al.,
2012). The C—C single bond’s stretching vibration was measured at
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Figure 8.33 Fourier transform infrared spectra of pure polylactic acid.
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868—920/cm (Arjmandi et al., 2014). The absorption peak of pure PLA is
reduced when hybrid fillers are added to the PLA matrix.

According to Sari and Kaynak (2016), chemical interactions such as
hydrogen bonds or dipolar interactions between the reinforcement material
and polymer matrix have produced variations in the IR spectra of the poly-
mer matrix material (Sari & Kaynak, 2016). In general, band shifting and
widening are the most common IR spectral alterations that may be seen.

Fig. 8.34 shows that with the addition of MMT filler, the PLA peak
intensity of the —OH hydroxyl group at 3741.90/cm became broader or
vanished, and the C—O group at 1083.99/cm migrated to a lower inten-
sity at 1082.07/cm. While C-O remains the same (1083.99/cm), the
addition of MMT nanofiller causes the intensity peak for —OH to shift to
(3738.05/cm), as seen in Fig. 8.35A, and a presence of tiny new peak at
540.07 and 621.08/cm, which confirmed the presence of MMT due to
Al—O and Si—O stretching.

According to Molinaro et al. (2013), characteristic IR bands of the sili-
cate layers, such as Al—O stretching around 520/cm and Si—O bonding
at 627/cm, might occur when MMT was grafted to the PLA matrix
(Molinaro et al., 2013). The polar contacts between the PLA’s hydroxyl
group and the Si—O groups of the MMT filler were responsible to cause
the lowered peak to explain the strong connection between PLA and
MMT filler (Chen et al., 2011; Liu et al., 2013). As mentioned in the lit-
erature review, the MMT structure exhibits highly polarized sites evenly
distributed across the structure, demonstrating the concentration of elec-
tron densities at surfaces and interlayer gaps. As a result, there is little diffi-
culty in the polar contact between MMT and the PLA matrix.

A smaller number of surface functional groups are present in biochar
after pyrolysis compared to the original precursor, and the biochar’s
hydrophobicity is caused by its low H, and O, concentration (Batista
et al., 2018). By employing biochar as a natural filler, the issue of disper-
sion inside hydrophobic polymers like PLA will be overcome. The peak
intensity of OH stretching decreased, as filler was added to the PLA
matrix, indicating that adding more nanocarbon to the composite may
have weakened the polar functional groups, particularly the hydroxyl
group (Zhang & Li, 2009; Zhang et al., 2019; Zhang et al., 2020)

As carbon loading increases in the polymer matrix from 0.25 to 1 wt.
% in Fig. 8.36, there is also an increase in the intensity of the —C =0
bands at 1749.44/cm to a higher intensity at 1753.29/cm, except for
1 wt.%, while in Fig. 8.37 the peak intensity of the —C = O also increases
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bio-nanocomposite.

from 1749.44 to 1751.36/cm, which is related to an increase in the num-

ber of free carboxylic groups. Also, it was discovered that the alkyl group
in Fig. 8.37 increased from 2929.87 to 2939.52/cm due to adding alkyl
groups to the polymer matrix, such as the -CH group of biochar and the
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CH; group of acetic acid. With one carboxylic acid per molecule, acetic
acid is a weak acid. It’s interesting to note that the carbonyl peak of the
bio-nanocomposite with activated carbon filler is more intense than the
one with nonactivated nanocarbon. This clarifies the existence of other
carboxylic groups in composites made with activated carbon. By strength-
ening the hydrogen link between the PLA matrix and the carbon filler,
the hydrophobic characteristics of PLA may be improved.

The strong and most well-resolved peak in the FTIR spectra of bio-
nanocomposite with PLA occurs at a wavelength of around 1750/cm. It
does not exhibit positional change among various composites. Nevertheless,
the chemical bonding between PLA molecules and biochar after com-
pounding resulted in a stronger peak of C= O carbonyl stretching vibra-
tion at 1750/cm and —OH hydroxyl bending at 1359—1369/cm. Given
that both biochar and PLA are hydrophobic and have strong surface com-
patibility, this explains why there are physical interlocks between the two
phases of each material (Qian et al., 2000, 2013, 2016). Yet, the bonds
between them are kept together by the hydrogen contact and relatively
weak Van der Waal’s force (Qian et al., 2016). C—H on the benzene ring
forms the out-of-plane vibration absorption peak at 750—754/cm (Qian
et al., 2016). As a result, there are chemical and physical linkages present at
the interface of biochar and PLA. Fig. 8.36 demonstrates the impact of add-
ing carbon to the polymer matrix with concentrations ranging from 0.25 to
1 wt.%, and Fig. 8.37 compares PLA/MMT bio-nanocomposites made
with non-AC and AC. Activated carbon has many functional groups, so
the intensity peak of bio-nanocomposite using AC filler is sharper than
non-AC filler.

§ 8.11 Conclusion

A bio-composite made of nanocarbon, MMT, and PLA was effec-
tively created using the solution-casting approach. Between the carbon
and the PLA matrix, nanocarbon serves as fiber reinforcement, while
MMT serves as reinforcement. By exerting high stiffness and preventing
PLA chain deformation, MMT filler is utilized to enhance the mechanical
characteristics of the PLA matrix at the low loading of 1 wt.%. Ball mill-
ing for 30 hours at 380 rpm may reduce particle size from pm to nm, and
the tiniest size of nanocarbon obtained in this work is around 1 pm
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(1000 nm). Moreover, BET research reveals that compared to non-AC,
AC has a larger surface area and pore volume. According to SEM micro-
graphs, the PLA-based composite exhibits the greatest interfacial contact
and strength when employing 0.75 wt.% of AC filler and 1 wt.% of non-
AC filler. It was discovered that filler dispersion in the PLA matrix might
affect matrix characteristics. Weak interfacial contact with low carbon
loading is seen as a result of insufficient filler dispersion in the PLA matrix.
Agglomeration began when additional carbon (non-AC and AC) loading
was added to the polymer matrix. Biochar’s high-stress levels also encour-
age fracture development and deteriorate its mechanical qualities. When
compounded in a polymer matrix, AC may provide improved interaction
due to its increased functional group and porous structure. The FTIR
results show the excellent interaction between the hybrid filler and
matrix. The presence of MMT filler was verified by causing a decrease in
the —OH peak and a new peak of Si—O and Al—O. Due to establishing
a chemical link between the PLA molecule and the biochar, the carbon
loading from 0.25 to 1 wt.% will increase the Carbonyl C = O peak and
—OH bending. This research study thus demonstrates the benefits of uti-
lizing hybrid fillers. Their synergy effect was also discovered to boost the
morphological characteristics, physical bonding, and chemical interaction,
leading to increased mechanical performance in bio-nanocomposite.
MMT bio-nanocomposite could be used successfully as a filler material to
enhance the strength of the composites.

g 8.12 Future works and recommendations

The dispersion and intercalation of filler and PLA matrix affect the
matrix’s properties. It is recommended that in situ polymerization could
be used in place of the solution casting approach in future research. In
order to produce a stable solution using the solution casting process, an
acceptable minimum solid content and viscosity should be generated.
When filler and polymer matrix interact strongly during in-situ polymeriza-
tion, stress transmission is resolved, and filler is quickly distributed uniformly
throughout the polymer matrix. Moreover, it offers excellent miscibility for
polymer matrixes with large filler loadings. This technique also encourages
the likelihood that the reinforcement surfaces are clean, which makes it
possible to produce a stronger matrix dispersion bond. To further examine
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their performance in physical bonding and chemical interaction, other
weight percentages of nanocarbon and MMT filler that are more than
1 wt.% should be employed in future studies. Tensile strength and Young
Modulus tests may be performed to describe the mechanical characteristics
of bio-nanocomposites. Mechanical properties can also be optimized by
determining the right amount of MMT and nanocarbon filler to put in the
composite to get the best strength and modulus possible. The effectiveness
of the bio-color composite’s removal may also be tested in water treatment
applications using varied filler contents.
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