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1.1 Introduction

The increment in natural consciousness and local area interest, the new natural guide-

lines, and unjustifiable utilization of petroleum impelled thinking about the employ-

ment of the materials that are harmless to the ecosystem. Natural cellulose fiber is

thought about one of the harmless to the ecosystem materials, which have great prop-

erties contrasted with synthetic or engineered fiber (May-Pat, Valadez-González, &

Herrera-Franco, 2013). Through the latest survey of 2010, it is found that the

world-wide natural cellulose fiber-reinforced composites industry sector reached

2.1 billion dollars. By analyzing it and the current scenario where the use of natural &

biodegradable fiber is increasing, we can assume that production and the usage of natural

cellulose-reinforced composites industries is estimated to grow by 15%–20% worldwide

(Uddin, Abro, Purdue, & Vaidya, 2013). Cellulose fibers are fibers made with ethers or

esters of cellulose, which can be attained from the bark, wood, or leaves of plants, or other

plant-based material. In addition to cellulose, the fibers may also comprise of hemicellu-

lose and lignin, with varying percentages of these components fluctuating the mechanical

properties of the fibers. Cellulose was found in 1838 by a French physicist named

Anselme Payen, who segregated it from plant stock and chose its engineered formula

(TheFreeDictionary.com, n.d.). Cellulose was used to convey the essential viable thermo-

plastic polymer, celluloid, in Hyatt Manufacturing Company in 1870. Manufacture of

rayon (“fake silk”) from cellulose commenced during the 1890s, and cellophane was

composed in 1912. In 1893, Arthur D. Little made one more cellulosic thing, acidic cor-

rosive determination, and made it into a film. The primary business material usages for

acidic corrosive inference in fiber structure were made by the Celanese Company in the

early 1920s. A scientist named Hermann Staudinger took the polymer development of

cellulose in 1920. The compound was initially misleadingly linked short of the use of
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any naturally decided proteins in 1992, by Kobayashi and Shoda (Gilbert &Kadla, 1998).

It is defined as the fibers that are not synthetic or manmade but are sourced from plants or

animals. The use of natural cellulose fiber from various resources, renewable and non-

renewable like bamboo, sugarcane bagasse, hemp, flax, jute, and so on tomake composite

materials have gained quiet a lot of consideration in the latter decades, so far. The plants

that yield or give us the cellulose fiber are classified in various categories and that can be

seen in Fig. 1.1.

1.2 Cellulose fiber-reinforced composites—History
of evolution

Composite materials are being used for centuries. The composite term from the begin-

ning was utilized in 1500 BC. EarlyMesopotamian and Egyptian designers and crafts-

men made robust and tough constructions by means of a mix of straw and mud. Since

then, after 25 BC, 10 books on Architecture described the strong development and

portrayed several sorts of lime and mortars. From the bygone era outline, engineers,

producers, craftsman, and creators were endeavored to advance the use of composite

materials in a particular field in a more refined way. In 1200 AD, Mongols arranged

the essential composite bows which were crafted up of a mix of bamboo, wood, horns,

cow’s tendons, and silk invigorated by ordinary pine sap which was by and large stag-

gering and utmost definite weapons until the 14th century. From here on out, from

1870 to 1890, the headway of the composite material started to vary due to the

engineered distress. In the modern period, the progression of the composites materials

was not underway until scientists were focused on the improvement of plastics.

Fig. 1.1 Classification of different types of natural cellulose fiber.
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During the 1900s, plastics materials like vinyl, phenolic, polystyrene, and polyester

were completed and advanced. In 1907, the foremost plastics like Bakelite were devel-

oped with produced fragments. These newly designed materials were given favored

execution over various composites materials. Regardless, for essential applications,

plastic alone couldn’t invigorate adequate and unyielding nature. In this way, for

the enhancement of the strength and toughness of the plan, it was given sincere

and notable help. In 1935, Owens Corning at first revealed the primary glass fiber.

The improvement of tars was on track from the 1930s, taking everything into account

which procedures/techniques are used in the composites business today. The blend of

a plastic polymer and fiberglass made a remarkable development. Unsaturated poly-

ester tars were authorized in 1936. Other better tar structures were beginning to see use

from 1938 (Keya et al., 2019; May-Pat et al., 2013; Mohammed, Ansari, Pua, Jawaid, &

Islam, 2015; Uddin, 2013).

Currently, people have started to depend upon composite materials and they do

start to employ composite materials at different points. Natural cellulose fiber com-

posite materials are eco-obliging, strong, lightweight, endless, unassuming, ecologi-

cal, and viable. Natural cellulose fibers have incredible assets separating them from

designed/synthetic fiber (Keya et al., 2019). Lately, basic fibers consumed as an elec-

tive help in polymer composites which have obtained thought amid various inspectors

and experts because of their benefits over standard fabricated materials (Taj,

Munawar, & Khan, 2007). These typical strands link jute, hemp, kenaf, coir, banana,

bamboo, sugarcane, and various others (Faruk, Bledzki, Fink, & Sain, 2012), which

give extraordinary mechanical properties that appeared differently with man-made

strands and their cost are realistic, they are environmental and supportable, declining

energy use, not as much of prosperity peril and doesn’t increase wear on the equip-

ment, not detrimental to the skin (Nguong, Lee, & Sujan, 2013). Hence, it can be uti-

lized as a developed material because of its thermosetting and thermoplastic behavior.

Thermosetting pitches like unsaturated polyester sap, polyester, epoxy, polyurethane,

and phenolic are normally used for collecting composites material gives superiority in

various applications. They give adequate mechanical properties and their expense is

reasonable. Taking into account their incredible properties like high strength, small

thickness, also, natural advantages over customary composites, regular fibers are

standing apart enough to be seen among academicians, subject matter experts, and

understudies and besides in industry. Because of their nondisease causing and biode-

gradable, the use of cellulose fiber-reinforced composites is growing step by step and

quite rapidly. Natural cellulose fiber-reinforced composites are a very cost-effective

material which is the reason of its use in different sectors such as aerospace, automo-

bile, building, packaging and construction sectors, railway coach interiors, and storage

devices and also acts as a replacement of high-cost glass fiber (Akil et al., 2011; Zini &

Scandola, 2011).

Braga and Magalhaes (2015) considered the mechanical and thermal properties of

polyester hybrid composites (e.g., jute also, glass fiber) and thought about and dis-

sected their properties (e.g., flexural, thermal, thickness, and effect properties). He

clarified that jute fiber-based composites exhibited a preferred/better conformation

over glass fiber. Thwe and Liao (2000) contemplated the mechanical properties of
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bamboo fiber and built up the base composite, the impact of bamboo fiber length, fiber

content, bamboo to glass fiber proportion and demonstrate the mechanical properties

of bamboo glass fiber-reinforced plastics. Okubo, Fujii, and Yamamoto (2004) grown

new composite material utilizing bamboo fiber and polypropylene and examined

the mechanical conduct of those composites. Balaji, Karthikeyan, and Sundar

(2014–2015) examined the use and eventual fate of normal strands and biocomposite

material and talked about their uses that can be utilized in creation of modern items

because of its eco-friendly nature, minimal effort, effectively accessible conduct.

Normal fiber and biocomposites are utilized to make family furniture, fencing, floor-

ing, athletic gear, lightweight auto parts.

1.3 Chemistry

1.3.1 Glucose monomer

Cellulose is formed from a monomer called glucose. This formation takes place

through condensation polymerization or can take place through biological catalysts:

the enzymes through step-growth mechanisms (Shanks, 2014). Cellulose has mono-

mer of which are very complex. Chiral carbons groups are arranged in a ring of six,

which leads to a very precise stereochemistry. Monomers which have primary cova-

lent bond needs to be developed to understand the complex nature of cellulose. This

understanding also helps us in analyzing the role played by stereochemistry and inter-

action within and outside the molecule. Apart from four chiral, due to the linkages

which are present in the chain and cyclic nature, a fifth chiral carbon arises. As a result,

conformation is maintained. Cellulose is made up of repeating units of alpha 1–4 link-
ages between D-glucose units. Glucose is a sugar consisting of six carbons. Sixteen

configurations arise due to the presence of chiral carbon (2,3,4,5). These configura-

tions consist of both diastereoisomers and enantiomers. Glucose has a pyronase form

that arises when 5-hydroxy is combined with aldehyde. As a result, the formation of

six-member cyclic hemiacetal will take. There is no planarity in the cycle structure.

However, in the case of glucose, the cycle structure is planar. A total of 32 diastereo-

isomers and enantiomers are formed due to the presence of a new chiral center in the

hemiacetal hydroxyl on carbon 1. This type of conformation is called beta-

glucopyranoside and is found with cellulose. Bent link is formed in starch due to

the alpha-glucopyranoside which is the opposite conformation. Chirality in carbon

1 is the main reason for the difference between cellulose and starch. The stability

of alpha-anomer is two times more than the stability beta-anomer. However, alpha-

hydroxy is less stable. This is due to the anomeric effect. The anomeric effect takes

place with the help of dipole’s interaction by the electrons that are no bonded which

are present on the adjacent hemiacetal-ring oxygen that is aligned with the hemiacetal

hydroxy Group. The close packaging and crystal formation is ensured by the planar

structure of cellulose. Loose coils formation takes place because of the bent confor-

mation of starch. These crystallize with a complex molecule. In glucopyranoside

structure, each carbon consists of hydrogen and pendant hydroxy. The hydrogen
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atoms are small and are less crowded that’s why they are directed out of the cyclic

plane. Groups that are present out of the plane are known as axial. On the other hand,

groups that are present inside the plane are called equatorial. Cellulose consists of

hydroxyl groups that behave similarly to alcohol functional groups.

These hydroxyl groups react with strong bases like sodium hydroxide to form salt.

The concentration of salt formed is very less because the hydroxyl groups are acidic

only to a limited extent. Swelling, dyeing, and partial dissolving are done by taking

advantage of the acidic behavior of hydroxyls present in cellulose. Aldehyde and car-

boxylic acid are formed by the oxidation of glucose at the C6 hydroxyl. Aldehydes are

oxidized at carbon 1 which is in the open-chain structure to form glycolic acid. Glu-

tamic acid is formed by the oxidation of C1 and C6 in open-chain form.

1.3.2 Glucose biopolymerization

Cellulose is formed by the biopolymerization of glucose. As a result, a regular poly-

mer is created in which inversion of glucose which is adjacent takes place, without any

change in stereochemistry. Two glucose units are present in the repeating unit of the

cellulose chain. Glucose units are linked with chains of cellulose by polymerization

leading to the formation of cellulose I crystal morphology. Glucose, cellobiose, and

short glucans are formed by the enzymatic hydrolysis of cellulose. Complete hydro-

lysis leads to the formation of glucose. Multistep synthetic process is required for cel-

lulose microfibrils. Assembly from the synthesizing sites is required for the

microfibrils to be assembled from cellulose chains. This is a spontaneous process.

Typically formation of crystalline cellulose type 1 takes place from biosynthesis,

whole sometimes crystalline cellulose type 2 can also be formed. Synthesis of cellu-

lose takes some place within the membrane of enzyme complexes. A complex net-

work of microfibrils is formed through the synthesis mechanism. Polymerization of

beta (1–4)-glucopyranose is done by cellulose synthase from uracil diphosphate-

glucose (Guerriero, Fugelstad, & Bulone, 2010). The morphology, width of cellulose

fibril deposition and extracellular chain assembly are controlled by the arrangement of

cellulose synthase units (Ross, Mayer, & Benziman, 1991).

1.3.3 Cellulose structure

Cellulose has 300–1000 glucose units in each molecule and biopolymerization takes

place with a high degree of polymerization. Thus, the molar mass varies from

540,000 to 1,800,000g/mol. Therefore, it has a high molar mass and can form hydrogen

bonds. The proximity of hydroxyl groups and alignment of hydroxyl groups and mono-

mer units is determined by the orientation of hydroxyl groups within each glucose unit.

Due to the regularity and symmetry of individual chains, the formation of assemblies of

cellulose chains takes place which is confined to a fixed conformation by intramolecular

bonding. Cellulose I crystals are less stable thermodynamically. However, it is found in

abundance (Fidale, Ruiz, Heinze, & Seoud, 2008). Cellulose type II crystals were not

found in abundance in plants. Ironic liquids and other components are used for determin-

ing the transition of crystal structure as a function of permeation (Cheng et al., 2011).
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1.3.4 Chemical and solubility properties of cellulose

Acetal groups which link the cellulose monomers are resistant to alkali. Shorter chain

length and glucose are formed when hydrolysis of cellulose takes place by

hydrochloric A day sulfuric acid. In amorphous and crystallites which are less perfect

and small, the rate of hydrolysis is more. Selective hydrolysis uses differential hydro-

lysis for the preparation of nanofibers and nanocrystals. Cellulose is oxidized by alkali

when oxidizing agents are present. C6 hydroxyl is the site for oxidation, resulting in

the formation of carboxylic acid. Thermogravimetry is used for studying thermal deg-

radation. Degradation steps were revealed due to the presence of pectin, hemicellu-

lose, and cellulose when thermal degradation of hemp was investigated. When

noncellulose substances were treated with sodium hydroxide, TGA derivative peaks

decreased. On the other hand, the onset temperature decreased when treated with

sodium hydroxide (Rachini, Le Troedec, Peyratout, & Smith, 2009).

During the development of cotton fiber, to study the structural changes, TGA was

used. There were differences noted in the primary and secondary cell walls (Abidi,

Cabrales, & Hequet, 2010). Differential scanning calorimetry was utilized to sisal

degradation. Nitrogen and air were used to examine raw and defatted fibers and their

chemical constituents. Degradation of raw sisal took place at a higher temperature

than cellulose. The reason behind this was the lignin content of the sisal (Martin,

Martins, da Silva, & Mattoso, 2010).

In liquid such as water (which are organic), swelling of cellulose takes place. Six-

teen aprotic solvents were used to study swelling in native andmicrocrystalline cotton.

There are various factors on which the swelling depends such as—basicity, polariz-

ability, molar volume, and nature of chain whether they are parallel or nonparallel

(Fidale et al., 2008). In liquids and solutions, which have hydrogen bonding, cellulose

is soluble. Lower critical solution temperature (LCST) phenomena are observed in

cellulose. The swelling of cellulose is caused by sodium hydroxide and crystal II is

formed from crystal I by mercerization process upon heating. Adding urea to sodium

hydroxide increased the solubility because of the increase in hydrogen bonding. Effec-

tive solvents when lithium chloride is added for cellulose are N,N-dimethylacetamide

(DMAc), N,N-dimethylformamide (DMF), and dimethylsulfoxide (DMSO), which

are dipolar aprotic in nature. NMMO 9 (N-methylmorpholine-N-oxide) exists in solid
form at room temperature, that’s why solutions are made at a higher temperature. It is

used to dissolve cellulose and purification. It is nonvolatile in nature and can precip-

itate cellulose, after dilution with water. It can then recycle after the evaporation of

water from the NMMO filtrate. Cellulose fibers are regenerated under the names

Lyocell, Tencel, from NMMO solutions, by injecting them into a precipitation bath.

1.3.5 Sources of cellulose

The cell wall and structural component of plants consist of cellulose. Fabrics of the fungi

cell walls, insects, mollusks, and the exoskeleton of crawfishes are made up of polysac-

charides and chitin. Cellulose, lignin, pectin, and hemicellulose constitute the composite

of the plant cell wall which provide rigidity and strength and helps in preventing
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swelling of the cell. Wood is the main source of cellulose. About 30%–40% of cellulose

is present in wood and the composition also depends on the species of wood.

1.3.6 Separation of cellulose

Many other plant components along with cellulose fibers co-exist which are necessary

for the functioning of the plant but they play no role in mechanical properties and per-

formance. Adhesion of fibers with a polymermatrix causes these components to detract.

These components can lose their color when comes in contact with heat or sunlight.

Retting is a selective natural purification step in which the plant material is left in con-

tact with stagnant water. It helps in further purification as the original plant material gets

degraded. Decortication is a process wherematerials of plants are physically beaten; this

is done by passing them through rollers. Since they are flexible and stronger than the rest

of the plant; therefore, these fibers resist mechanical rupture.

Physical disruption of fibers takes place with the steam explosion. Heating the

fibers under pressure increases the temperature of water above atmospheric boiling

temperature. Water boils because of the sudden release of pressure. Physical disrup-

tion is caused because of the force of the boiling water. Due to the properties such as

strength, crystal structure, and limited water uptake as compared to the rest of the

material, no significant damage takes place in these fibers. The formation of 5-

hydroxymethylfurfural is a sign of cellulose degradation ( Jacquet et al., 2011).

1.3.7 Purification of cellulose

Organic solvent extraction with acetone or ethanol, to remove waxes is generally the

first step in the purification of cellulose. The absorptivity of water in fibers increases

after alkali extraction. After that, extraction of alkali is used for dissolving lignin and

pectins. Phenolic groups are present in lignins and carboxyl groups are present in pectins

and hemicellulose (Shanks, 2014). During alkali treatment, swelling of cellulose takes

place. Chemical procedures such as acid hydrolysis, chlorination, alkaline extraction are

used for the purification of cellulose (Astley&Donald, 2001;Morán, Alvarez, Cyras, &

Vázquez, 2008). In amorphous regions, the rate of acid hydrolysis is more. As a result,

the cellulose which is left after a major portion of cellulose is pure.

For bleaching the product of cellulose, oxidative alkaline extraction is used. This

treatment produces carboxyl groups that are soluble in the alkali of sodium hypochlo-

rite and chlorite. When enzyme pectinase is used, a milder and selective form of

hydrolysis is used. Aspergillus aculeatus is used for preparing pectinase. Pectin which
is the component of the cell wall hydrolyses pectinase. In the pH buffer, a pectinase

solution is used to incubate raw cellulose.

1.3.8 Cellulose polymorphism

Depending on the source and treatment, crystalline cellulose can take several mor-

phologies. Cellulose type I is known as native cellulose. It is mostly found in cell walls

and other plant structures. On the other hand, cellulose type II is known as textile
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cellulose. It is mostly obtained by a process called mercerization in which strong alka-

lis are heated. Cellulose III and cellulose IV are mostly found in combination with

types I and II. Cellulose I has unit cell lattice parameters of a¼0.835nm; b¼1.03nm;

c¼0.79nm and crystallizes in monoclinic form.

Crystal size from equatorial reflection and apparent crystal length from meridional

reflections were obtained when diffraction peak widths were analyzed. To character-

ize crystal dimensions and shape, small-angle X-ray scattering was used. To measure

the cellulose fibril structure, SAXS (small-angle X-ray scattering) was performed on

flax fibers. Hydration level was responsible for microfibril misalignment. Repeat dis-

tance of about 0.6–0.7 was found in crystalline and noncrystalline. In dry and wet

states, structures of fibers differed (Vorawongsagul, Pratumpong, & Pechyen,

2021). SAXS (small-angle X-ray scattering) and WAXS were used to measure fiber

symmetry of collagen and cellulose. Fibers exhibit cylindrical rotational symmetry,

thus WAXS can be used to determine the oriental angle.

1.3.9 Chemical modification of cellulose

Solubility is imparted by alkyl cellulose such as methyl and ethyl cellulose by varying

their amount used for substitution. Methylcellulose is soluble in water and can behave

as a rheological agent when the degree of substitution is low. Methylcellulose

becomes soluble in organic solvents with higher substitutions. Transient Rheological

and Isotropic liquid crystalline solution behavior is noticed when ethyl cellulose solu-

tions are placed in m-cresol. The free hydroxyl group can be reduced by using and the

combinations that can be formed from these derivatives.

1.3.10 Preparation of nanocellulose

There are various structures of cellulose example—MCC, bacterial cellulose, CNF,

CNC where dimensions are small and internal structure is maintained. When purified

cellulose is hydrolyzed by partial and selective method, formation of each form takes

place. After mixing aqueous mineral acid with cellulose, suspension formation takes

place which is diluted. Amorphous and semicrystal are hydrolyzed first, thus having

the most perfect crystal structures.

1.4 Structures

1.4.1 Cellulose reinforcement in polylactic acid and polybutylene
succinate

This study was aimed at making cellulose fiber-reinforced PLA/PBS with the help of a

twin-screw extruder along with injection molding (Vorawongsagul et al., 2021). Its

mechanical properties of the structures were investigated and reported.
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1.4.1.1 Melt flow index of the composite

The index melt flow is used to quantify the viscosity of the melt which shows that a

lower melt flow rate is linked to higher melt viscosity. The addition of cellulose fibers

in the PLA/PBS blend led to a growth in the melt flow index and subsequently, a

reduction in the viscosity of PLA/PBS/CF with respect to pure PLA or PBS. In a

low-frequency range, a substantial increase in the intricate viscosity of composites

occurred. Because the fibers were oriented in the flow direction, all composites

exhibited shear thinning. At a phr value of 15 for the loading of CF, the highest filling

effect was obtained. Bhatia, Gupta, Bhattacharya, and Choi (2007) reported that lesser

content of cellulose fibers in the PLA/PBS matrix had established itself due to higher

viscosity of the melt in the entire array of the shear rates present. The value of the melt

flow index diminished when the amount of CF taken was escalated from a value of 5

phr to 15 phr, but also increased the probability of distribution of fiber in the matrix.

Hence, the ideal value is kept at 15 phr for the appendage of CF in PLA/PBS.

Meant for the production of foam, foam injection molding through chemical

foaming is used. The chemical foaming agent can be added in two ways, first through

the hopper of the injection molding machine along with the polymer pellets, and sec-

ond when plasticization of the polymer is ongoing in the barrel. The foaming agent

dissolves throughout the procedure. During foam extrusion, the spin of the screw

pushes out the melt forwards and exits out of the extruder die. In foam injection mold-

ing, the screw revolves and simultaneously moves rearward because of the gathering

of a pool made up of a gas-polymer mix by the screw’s end. The extreme pressure and

temperature in the unit where plasticization occurs, deliver a supercritical condition of

the foaming agent during the chemical foaming procedure. To attain a high degree of

solubility, CO2 is used as a chemical foaming agent and utilized in an overcritical

state. Since a fluid has a low viscosity, high diffusion properties, and low surface ten-

sion, providing it brilliant solubility in the polymer (Mathew, Oksman, & Sain, 2005;

Yu et al., 2015).

1.4.1.2 SEM analysis of composite foams

SEM analysis is done to find the shape and size of the cellulose fibers and their com-

patibility with the polymer matrix. The standard thickness of the CF was around

16.19�0.33μm. Vorawongsagul et al. (Astley & Donald, 2001) reported that the cell

wall structures of PLA/PBS and PLA/PBS-CF foams show closed-cell walls due to

sodium bicarbonate decomposing into carbon dioxide gas that facilitates sealed cells

on biofoam structures. Melt-based foam construction machineries were combined

with other means to increase porosity. To generate pores, various methods like

foaming of gas and phase separation methods were used. The composite foam con-

sisting of CF was larger than PLA/PBS foam by 5 phr. When the content of CF

was improved, the quantity of cells and uniformity of distribution of cells also

increased. Cellulose fibers were helpful in the improvement of the properties of

gas barriers. The polymer’s viscosity decides the bubble growth bubbling shape

(Ma et al., 2012). The best foam was with a CF content of 15 phr, i.e., PLA/PBS-CF15
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as it was the most uniform in terms of shape and cell size. The number of closed cells

was also increased when the PLA/PBS foam was dipped in hot water for 75°C for

30min. Increasing the temperature expands the material and increases the diffusivity.

Sodium bicarbonate has two states, one exists at 80°C, which leaves solid sodium

bicarbonate, and second at 120–150°C, which leaves solid sodium oxide (Sadik,

Pillon, Carrot, & Ruiz, 2018).

1.4.1.3 FTIR spectroscopy

The adsorption peaks of PLA foam were observed at 3299cm�1 for C-H vibrations

and at 1749cm�1 for CO] vibrations. In PBS foam, dOH vibrations was observed

at 3300cm�1, CO] vibrations at 1712cm�1, COd vibrations at 1155cm�1, and C-H

vibrations at 2919cm�1 (Cai, Lv, & Feng, 2013). The peak of CF was observed at

3333cm�1 for dOH vibrations, at 2897cm�1 for C-H vibrations, and 1031cm�1

for COd vibrations. No new peaks were observed in the PLA/PBS-CF composite.

1.4.1.4 XRD analysis

The diffraction peaks of PBS foam were observed, recorded as (020) at 2θ¼19.5° and
(110) at 2θ¼22.5° of a crystalline of monoclinic nature (Wang et al., 2013). For PLA

foam, a broad peak was observed, which can be attributed to a small level of matrix

crystallinity due to quick cooling rates when the foam underwent extrusion and injec-

tion molding. The fibers exhibited strong peaks at 2θ¼15.8° and 22.6° with index to

(200) and (002) (Mathew et al., 2005; Zhao et al., 2007). PLA/PBS blends don’t show

any strong peaks in the XRD pattern. The XRD of PLA/PBS-CF composite foams

exhibiting a peak at 2θ¼16.6° and 22.6° as the most protuberant and telling of CF

crystallinity. As CF matter is increased to 15 phr, a stable increment in the concen-

tration of the peak at 2θ¼16.6° and 22.6° is detected, which were not projecting at

low reinforcement content. Hence, it was observed that 15 phr of fibers has a

higher-level crystallinity of the matrix than when CF is not added, which can also

explain the lower tensile modulus of the PLA/PBS when compared with PLA/

PBS-CF.

1.4.1.5 Mechanical properties

The accumulation of cellulose fibers to the PLA/PBA foam increased its mechanical

properties both when it was immersed in hot water, and when it was not submerged in

hot water. When the CF content was increased from 0 to 15 phr, an increase in tensile

strength from 36.51MPa at 0 phr to 42.30MPa at 15 phr was observed. The Young’s

modulus also increased from 1146.57MPa at 0 phr to 1393MPa at 15 phr. This

exhibits that an increase in the CF content will proportionally increase the modulus

value (Mulinari & Da Silva, 2008). For the complete values, refer to Table 6 in the

reference (Vorawongsagul et al., 2021). Due to the addition of CF fibers, the rigidity

of the composite increased, which resulted in the decrease of elongation percentage

upon addition of stress (Mulinari, Voorwald, Cioffi, & da Silva, 2017). Conversely, an

increase in the elongation was observed upon growing the CF content. Upon
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immersion in boiling water, the tensile strength of the composite foams with CF was

reduced because the superior the closed-cell of composite foams, the lower the

density.

1.4.2 Cellulose reinforcement in natural bamboo-composite

This study was aimed at removing cellulose fibers from bamboo stalks and using them

as reinforcement for an epoxy composite (Kalali, Hu, Wang, Song, & Xing, 2019).

The mechanical properties of the composite include ultimate tensile strength, specific

tensile strength, modulus, and impact strength. Characteristic analyses like SEM and

FTIR were also reported. These tests were then compared with other materials like

normal epoxy, TRIPLEX, and Al alloy 2000 to benchmark the composite prepared.

1.4.2.1 FTIR analysis

The lignin present in the bamboo was first removed, and then FTIR was done to con-

firm its removal. To do so, the analysis was done on both natural bamboo and the lig-

nin removed bamboo. Natural bamboo exhibited many characteristic lignin bands

along with bands at 1735cm�1 for carbonyl vibrations (Sánchez, Aperador, &

Capote, 2018), 1602, 1510, 1421, and 1327cm�1 for aromatic skeletal (Zhang

et al., 2017, 2018), 1460cm�1 C-H vibrations due to dOCH3 (Nishida, Tanaka,

Miki, Ito, & Kanayama, 2017), and at 1167cm�1 due to carbonyl vibration (Zhang

et al., 2017).When this analysis was done on the de-lignified bamboo, the lignin bands

were missing, exhibiting the successful removal of lignin from the bamboo stalks. A

reduction in the density between bulk bamboo and de-lignified bamboo also verified

the same fact. Delignified bamboo had a bulk of 0.26g/cm3, while the loose bamboo

had a bulk of 0.60g/cm3.

1.4.2.2 SEM analysis

SEM images of the natural bamboo in the upright direction to growth displayed a

porous structure made up of fiber bundles, parenchyma cells, and vessels, while

the same images in the growth direction showed the fibers bound by lignin. Removal

of lignin led to a honeycomb structure. Additionally, the microstructure along

well-aligned fibers along the growth direction was well-maintained during the chem-

ical treatment procedure to remove lignin. Epoxy resin was then permeated into the

de-lignified bamboo microstructures under the assistance of vacuum. The analysis

also showed that each and every one the gaps and channels were entirely occupied

with the epoxy resin. The distinction between the original bamboo cell walls and

the epoxy resin is clear, signifying that the crude bamboo microstructures were also

well conserved after the epoxy penetration procedure. In the direction of growth, due

to the presence of epoxy resin, the surface of the fiber packs had become coarser and

the fibers were associated to each other, which were expected to form a sturdy bond

between the infiltrated epoxy resins and bamboo cellulose fibers.
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1.4.2.3 Mechanical properties

The removal of lignin and penetration of epoxy caused in the epoxy permeated

bamboo-composite helped in meaningfully improving the strength. The ultimate ten-

sile strength of natural bamboo was 68.55MPa. In comparison to crude bamboo, the

ultimate tensile strength of the lignin removed bamboo was reduced to 36.64MPa, due

to the fact that the lignin served as a supporting binder in the cellulose fibers was uni-

nvolved. On the other hand, the epoxy-filled bamboo-composite showed an ultimate

tensile strength of 162.12MPa, twice the values for crude bamboo. The ultimate ten-

sile strength for the epoxy infiltrated bamboo composite is more appreciable than the

previously reported values, such as 28.1MPa for small bamboo fiber-reinforced epoxy

composite (Yu, Huang, & Yu, 2014), 32.05MPa for bamboo epoxy composite (Khan,

Yousif, & Islam, 2017), 79.11–99.62MPa for bamboo-epoxy composites preserved

with different silanes (Kushwaha & Kumar, 2010), 89MPa for bamboo fibers/bio-

based epoxy modified by means of starch nanocrystal and 88MPa silica fume which

is silanized (Gauvin, Richard, & Robert, 2018), and 80.24–133.39MPa for bamboo

stripped fiber-reinforced epoxy composites (Costa, Monteiro, & Loiola, 2011). Also,

the lightness of the bamboo fibers lead to high specific strength of the epoxy infiltrated

bamboo composite with a value of 145MPacm3/g, which was much extreme than an

epoxy matrix at about 72MPacm3/g (Yang, Wu, Guan, Shao, & Ritchie, 2017) and

became comparable to the light-weight TRIPLEX steels which exhibited a value of

157MPacm3/g and aluminum alloy which was around 167MPacm3/g (Dursun &

Soutis, 2014; Frommeyer & Br€ux, 2006).
Moreover, the epoxy infiltrated bamboo-composite displayed an improvement of

63% in its modulus, when associated with natural or crude bamboo. As reported by

Ritchie (2011), explaining the struggles between strength and toughness in materials

is an ongoing and challenging task, since these tend to be reciprocally exclusive. The

composite also had a sophisticated strain at 3.5% when compared to the natural bam-

boo which was at 1.6%. Additionally, for the characterization of the ductility of the

samples, the Izod impact test was conducted. The epoxy infiltrated bamboo-composite

showed a better ductility toughness of 67.14kJ/m2 than the natural bamboo which was

at 49.33kJ/m2. For the tables comparing epoxy infiltrated bamboo composite with

other sources, refer to Tables 1 and 2 in reference (Kalali et al., 2019).

1.4.3 Cellulose fibers reinforcement in ethylene-nonbornene
copolymer composite

This study was aimed at making ethylene-norbornene copolymer composites occupied

with cellulose fibers and montmorillonite (MMT) (Cichosz, Masek, & Wolski, 2019).

The composite was formed and aged to understand any differences that may occur due

to it. Furthermore, their structure was investigated to find out their mechanical and opti-

cal properties. Additionally, characterization techniques like FTIR have been done. The

cellulose fibers were altered with vinyl trimethoxy silane (VTMS) andmaleic anhydride

(MA) before their surface was made compatible with the polymer matrix improvement

using hydrophobization. The employment of natural fibers like cellulose is being sought
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after and investigated in resins (Manfredi, Rodrı́guez, Wladyka-Przybylak, & Vázquez,

2006), thermoplastic (Ruseckaite & Jim�enez, 2003), elastomeric materials (Vieira,

Nunes, & Visconti, 1996), and in polymer films (Bastos et al., 2016). Natural fibers

are currently being used in packaging, automotive, furniture industry, and building con-

structions (Bachtiar, Sapuan, & Hamdan, 2008).

1.4.3.1 FTIR analysis

An in-depth and accurate analysis of the chemical modifications of treated fibers has

been done (Cichosz, Masek, Wolski, & Zaborski, 2019). The analysis exhibited two

peaks at 2915cm�1 and another at 2847cm�1 which were accredited to the C-H vibra-

tions and CH2 groups in the ethylene-norbornene copolymer (Kazayawoko,

Balatinecz, & Woodhams, 1997). A band at 1463cm�1 is related to an additional

C-H bending of CH2 (Misra, 1993), another at 718cm�1 was correlated to

CH2 rocking mode. Adsorption bands corresponding to cellulose fibers were found

at 1400–800cm�1 (Pandey, 1999). Materials that were treated with cellulose fibers

showed bands at concentrations at 1245cm�1 for CH3 and 1158cm�1 for COd
(Colom, Carrasco, Pages, & Canavate, 2003; Faix, 1991). This proves that the exis-

tence of variations in the composite structure was instigated due to the modification of

cellulose fibers’ presence. The deficiency of dCH3 and C-O groups provides an

intensity surge of other absorption bands that are detected. The usage of VTMS led

to the upsurge of absorption band at 1058cm�1 for C-O vibrations (Ołdak,

Kaczmarek, Buffeteau, & Sourisseau, 2005). Interestingly, an alteration with MA

does not provide any new bands or peaks. These variations in the peak can also be

associated with the construction of ]CdOdC] bonds (Yang, Zhang, Endo, &

Hirotsu, 2003), which may be due to the possibility of cellulose fibers creating

new bonds between themselves.

After the aging process, called thermo-oxidizing aging is done; the results of

FTIR were again analyzed. For cellulose, the intensity decreases between 1300 and

1100cm�1 due to the drop in the quantity of C-O and dOH entities (Gulmine,

Janissek, Heise, & Akcelrud, 2002). An upsurge of intensity is seen at 1100–
1000cm�1 which exhibits the existence of COdOdCO bonds (Fan, Dai, & Huang,

2012) which are in connection with the recombination of CdO bonds inside the com-

posite structure. Another absorption band at 819cm�1 is present for vibrations of C]O

and CdOdC groups which were created after the aging procedure was complete. In

the case of composites with altered cellulose spectra offered it may be observed that the

quantity of CdO, C]O, C]C, and COOH has increased at around 1300–1000cm�1

(Barry, Kamdem, Riedl, & Kaliaguine, 1989; Blackwell, Vasko, & Koenig, 1970) and

830–800cm�1 regions (Santos, Gonzalez, & Gonzalez, 1998). Grafting VTMS andMA

with hydroxyl groups on the cellulose surface, changes in the structure of alkyl chains

are observed that are bonded to the cellulose fibers, which in turn decreased the signal

fromdOH entities. This results in a minor modification in the 1700–1500cm�1 region

that can be easily observed. This proves the existence of C]C and C]O bonds in the

model after aging is done (Hinterstoisser & Salm�en, 1999). For the complete table of

wave numbers refer to Table 2 of reference (Cichosz, Masek, & Wolski, 2019).
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1.4.3.2 Mechanical properties

As reported, tensile properties of composites can be remarkably improved by the addi-

tion of fibers to a polymer matrix due to the fact that fibers have better and higher

strength and values of stiffness (Holbery & Houston, 2006; Malkapuram, Kumar, &

Negi, 2009), but when left unprocessed and natural additives supplemented, composites

exhibit inferior tensile strength (Bledzki, Reihmane, & Gassan, 1998) and meagre com-

patibility with polymermatrix. Here, mechanical properties were analyzed for the deter-

mination of standards of the tensile strength (TS) and elongation at breaking (Eb) that is

done before and after the aging process, as investigating it was a crucial step for the

characterization of composites. Upon investigating the data that were gathered, it

was found that mechanical properties changed after the aging process depending upon

the orientation of the fibers and were stronger when cellulose or MMT was combined.

This proved the point that a controlled aging process was theoretically possible with

simple additives like cellulose fibers. The tensile strength before aging was

40�3MPa and after aging was 37�2MPa. The percentage of elongation before aging

of the composite was at 450�30% and after aging, the percentage was at around

440�30%. This proved that the degradation process was not intensive, just as the FTIR

analysis proved.

1.4.3.3 Optical characterization

Optical properties like the stability of color throughout the aging of the material were

inspected to further understand the impact of the aforementioned process. It provides

data about the intensity of the various processes performed as the yellowing or brow-

ning of samples is a common occurrence which is connected with the aging and can be

the evidence of the creation of carbonyl groups in the matrix.

The optical properties of analyzed composites tell that they were affected by the

temperatures during the processes. The highest values of color changes were observed

for composites occupied with MMT. However, samples made with cellulose and MA-

treated natural fibers and MMT mixed with cellulose exhibited color variation at

around the same level. Alternatively, VTMS treated with cellulose fibers was the least

affected sample due to the aging process, also being the only material changing its

optical properties fewer than pure ethylene-norbornene copolymer. On the same page,

chroma values associated with saturation were offered. Similarly, this constraint was

the most altering and changing in the case of composites treated with MMT. Con-

versely, changes of chroma values were lowest in the case of the pure ethylene-

norbornene copolymer, and the samples present with unchanged or VTMS-treated cel-

lulose, validating its color stability. Saturation was recorded to be the highest in the

case of samples treated with MMT and MA natural fibers. It was also observed that

VTMS-treated cellulose showed hue angle values wavering between 90° and 100°.
This means the color or shade of the samples was similar to yellow. Alternatively,

MMT, MA-treated cellulose and cellulose mixed with MMT had angle of hue shifting

among 70° and 80°which made their color or shade nearer to orange. Nonetheless, the

values of hue angles weren’t varying meaningfully after aging producing virtually no
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alteration in the shade of the composites. In addition, the authors have a vast experi-

ence in the field of nanomaterials and biocomposites (Arpitha, Verma, Sanjay, &

Siengchin, 2021; Bharath et al., 2020; Bisht, Verma, Chauhan, & Singh, 2021;

Chaudhary, Sharma, & Verma, 2022a, 2022b; Chaurasia, Verma, Parashar, &

Mulik, 2019; Deji, Verma, Choudhary, & Sharma, 2021; Deji, Verma, Kaur,

Choudhary, & Sharma, 2022; Jain, Verma, & Singh, 2019; Kataria, Verma,

Sanjay, & Siengchin, 2022; Rastogi, Verma, & Singh, 2020; Singh, Jain, Verma,

Singh, & Chauhan, 2020; Singla, Verma, & Parashar, 2018; Verma et al., 2021;

Verma, Baurai, Sanjay, & Siengchin, 2020; Verma, Budiyal, Sanjay, & Siengchin,

2019; Verma, Gaur, & Singh, 2017; Verma, Jain, Kalpana, Siengchin, & Jawaid,

2020; Verma, Jain, Parashar, et al., 2020a, 2020b; Verma, Jain, Rastogi, et al.,

2020; Verma, Joshi, Gaur, & Singh, 2018; Verma, Kumar, & Parashar, 2019;

Verma, Negi, & Singh, 2018a, 2018b; Verma, Negi, & Singh, 2019; Verma &

Parashar, 2017; Verma & Parashar, 2018a; Verma & Parashar, 2018b; Verma &

Parashar, 2018c; Verma & Parashar, 2020; Verma, Parashar, Jain, et al., 2020;

Verma, Parashar, Singh, et al., 2020; Verma, Parashar, & Packirisamy, 2018a,

2018b; Verma, Parashar, & Packirisamy, 2019a, 2019b; Verma & Singh, 2016;

Verma & Singh, 2019; Verma, Singh, & Arif, 2016; Verma, Singh, Singh, & Jain,

2019; Verma, Singh, Verma, & Sharma, 2016; Verma, Zhang, & Van Duin, 2021).
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