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Abstract

Peanut (Arachis hypogaea) and pea (Pisum sativum) shells are among the most
abundant plant waste found in agricultural regions.This residue contributes to environmental

pollution if not repurposed and used in other fields.

The objective of this study is valorise these residues and use them as crude material to
produce nanocrystalline cellulose. This compound was prepared by extracting pure cellulose
(Cs) from the residues and converting it into nanocrystalline cellulose (CNCs), as well as
hybridizing this substance with zinc oxide (ZnO) using two different methods. In order to
study the properties of these new materials and validate their nature, several characterisation
techniques were used, including optical (UV-visible, FTIR), structural and morphological
(XRD, SEM) techniques.The analysis showed, the crystal size of the compounds (CNC/ZnO
NPs) varied between 19.64 and 27.31 nanometers, while the gap bands ranged between 3.27

and 3.66 v for the first and second methodsm respectivety.

In this research work, the adsorption of methylene blue dye in an aqueous solution
onto the cellulose and CNC/ZnO NPs prepared were studied. Five adsorption operation
parameters were studied to optimize these adsorbents (adsorbent mass, contact time, initial
concentrationof dye solution, initial solution pH, and temperature). Empirical data were
analyzed using adsorption isotherm by Langmuir, Freundlich, and Temkin isotherm models
to evaluate the maximum adsorption capacities. Kinetic data were tested with pseudo first-
order model and pseudo second-order model. Thermodynamic parameters were also

calculated.

Furthermore, the antibacterial activity of CNCs and CNC/ZnO NPs were tested using
the agar well diffusion method, which has shown significant antibacterial activity against both

Gram-positive, Gram-negative bacteria and fungi.

The remarkable output of this research can open a window for other possible significant

applications such as removal of heavy metal ions and treatment of real wastewater.

Keywords: Arachis hypogaea, Pisum sativum,pure cellulose, nanocrystalline cellulose,zinc

oxide.
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Résumé

Les coques Arachis hypogaea et de Pisum sativum font partie des déchets végétaux les
plus importants, présents en grandes quantités dans les zones agricoles. Ces déchets
contribuent a la pollution de I'environnement s'ils ne sont pas exploités et utilisés dans d'autres
domaines. L'objectif de cette étude est de valoriser ces résidus et de les utiliser comme
matiere brute pour élaborer de la cellulose cristalline nanométrique. Ce composé a été préparé
par I'extraction de la cellulose pure (Cs) des déchets et en la convertissant en cellulose
nanocristalline (CNCs), ainsi qu'en hybridant cette substance avec de I'oxyde de zinc (ZnO) a
I'aide de deux méthodes différentes.Afin d'étudier les propriétés de ces nouveaux matériaux et
de confirmer leur nature, plusieurs techniques de caractérisation ont été utilisées, y compris
des techniques optiques (UV-visible, FTIR ), structurelles et morphologiques (XRD, SEM).
Les résultats ont montré que la taille cristalline du composé (CNC/ZnO NPs) variait entre
19,64 et 27,31 nanomeétres, tandis que les bandes gap se situaient entre 3,27 et 3,66 v pour la

premiere et la deuxieme méthode respectivement.

Dans ce travail de recherche, 1’adsorption du colorant bleu de méthyléne en solution aqueuse
sur la cellulose et les NP CNC/ZnO préparées a ete étudiee. Cing parameétres d'opération
d'adsorption ont été etudiés pour optimiser ces adsorbants (masse d'adsorbant, temps de
contact, concentration initiale de la solution de colorant, pH initial de la solution et
température). Les données empiriques ont été analysées a l'aide de I'isotherme d'adsorption
par les modeles isothermes de Langmuir, Freundlich et Temkin pour évaluer les capacités
d'adsorption maximales. Les données cinétiques ont été testées avec un modele de pseudo
premier ordre et un modeéle de pseudo second ordre. Les paramétres thermodynamiques ont

également été calculeés.

En outre, I’activité antibactérienne des CNC et des NP CNC/ZnO a été testée a ’aide de la
méthode de diffusion dans des puits de gélose, qui a montré une activité antibactérienne

significative contre les bactéries Gram-positives et Gram-négatives et les champignons.

Les résultats remarquables de cette recherche peuvent ouvrir la voie a d’autres applications
importantes possibles, telles que 1’élimination des ions de métaux lourds et le traitement des

véritables eaux usées.

Mots clés :Arachis hypogaea,Pisum sativum,cellulose pure,cellulose nanocristalline,oxyde de

zinc.
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General Introduction

General Introduction

Water pollution is a significant environmental challenge, primarily due to the
discharge of industrial effluents into water bodies. These effluents contain various
contaminants, including dyes used in industries such as textiles, leather production,
pulp and paper, and paints [1]. These dyes consist of persistent organic molecules that
are difficult to degrade into non-toxic compounds, contributing to water pollution
when they become bioavailable. Dye molecules are resistant to chemical oxidizing
agents, light, heat, aerobic digestion, biological processes, and photochemical
degradation. To address water contaminated with toxic metals and dyes, adsorption
and photocatalysis are widely recognized as effective techniques due to their
simplicity, environmental friendliness, and applicability to different water sources.
However, the success of these technologies depends on the appropriate selection of

water treatment materials[2].

While chemically synthesized water treatment products have been used, they
have drawbacks, including the potential leaching of hazardous chemicals back into the
water. Therefore, there is an increasing demand for non-toxic, biodegradable, cost-
effective, and highly efficient materials to ensure the complete removal of

contaminants from water[3].

The world is witnessing an increasing production of agricultural by-products,
which are materials that accumulate as a result of farming and food processing
processes. The exploitation and recycling of these wastes are crucial for achieving

sustainable development and preserving the environment.

Cellulose, the most abundant natural polymer on Earth, is an organic material
found in plant cell walls. It holds great importance in the fields of biotechnology and
nanotechnology[4]. Cellulose possesses excellent properties, including high

mechanical strength, heat resistance, and chemical resistance.

One promising method for extracting cellulose nanoparticles is utilizing
agricultural residues as the primary source of cellulose. By converting these waste

materials, we can obtain cellulose and utilize it in the production of nanomaterials.

1
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Cellulose nanocrystals (CNCs) with diameters ranging from 1 to 100 nm are
commonly prepared through the selective hydrolysis of the less-ordered regions of
natural cellulose [5].

In the past twenty years, CNCs have attracted great interest because of their
renewable nature, are exceptional in many ways, such as their excellent safety
profile, biocompatibility, high specific surface area, high elastic modulus, and high
aspect ratio[6], biodegradability, availability, as well as the accessibility and
affordability of their pristine materials [7, 8].

Nanocellulose offers a wide range of potential applications in areas such as

electronics, medicine, food, energy, and many other industries [9-12].

As a result, the cellulose surface’s nano-properties, notably OH groups,
adsorption capacity, and mechanical strength are all benefits of enabling strong
binding of inorganic substances like metal oxide nanoparticles (NPs), facilitating the

excellent permanence of nanomaterials [13-15].

CNs may function as a polymer base to augment the efficacy of metal/metal
oxide NPs. The consequential hybrids are worthy substances that exhibit novel in

several applications [16].

In food engineering applications, ZnO nanoparticles (NPs) have garnered
considerable attention due to their stability, robustness, intrinsic antimicrobial
properties, and long shelf life [17]. Moreover, they are considered safe for human
consumption and fall under the category of GRAS substances (i.e., "Generally

Recognized as Safe"), as recognized by the U.S. Food and Drug Administration [18].

To mitigate particle agglomeration and enhance the dispersibility of ZnO
nanoparticles, one of the most effective approaches is the addition of surfactants or
polymeric ligands to the system. Sustainable cellulose, particularly nanocellulose with
its abundant hydroxyl groups, is among the preferred carriers for hybrid materials [19,
20]. The incorporation of ZnO nanoparticles into nanocellulose matrices yields
nanocellulose/ZnO hybrids, which find applications in various fields, including

photocatalysis, antibacterial treatments, and reinforcing fillers [21].
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In this thesis, we will specifically address the exploitation and recycling of
agricultural waste to extract the nanocomposite cellulose/zinc oxide ( CNC/ZnO NPs)
and study its adsorption to remove organic pollutants from aqueous solutions in
addition to studying its biological activity. The peels of each of the fruits of peanuts
and peas were used in the process of extracting nanocellulose (CNCs) using primary
chemical treatment in order to obtain cellulose and convert it into nanocellulose and
were used two different methods to prepare the nanocomposite cellulose/zinc oxide (
CNC/ZnO NPs).

This work consists of four chapters:

The first chapter is a review of the literature on nanoparticles, their composition,
classifications, properties, and applications with a critical study focusing on the
chemistry of cellulose, nanocellulose, its types, methods of extraction, and its broad
application in many fields. In addition to the synthesis and properties of the
multifunctional zinc oxide nanocellulose composite, and its excellent application

possibilities in various fields.

The second chapter briefly describes water pollution, in addition to a comprehensive

study of the adsorption process, in addition to the factors affecting it.

The fourth chapter presents the material and methods to the synthesis of the

nanocomposite cellulose/zinc oxide ( CNC/ZnO NPs).

The fourth chapter presents the results and discussion of the physicochemical
characterization, the adsorption study for removal methyl blue dye (BM) of cellulose
and nanocomposite cellulose/zinc oxide prepared from peanut shells and pea shells.
followed by discussions and explanationsand the evaluation of the the antimicrobial
activities of cellulose and nanocomposite cellulose/zinc oxide prepared from peanut

shells and pea shells.

Finally, the general conclusion summarizes the main findings obtained during this

thesis and proposals for further study.
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ntroduction

Over the past few decades, nanotechnology has emerged as an exciting field in
modern science and applications. The concept of nanotechnology was first given by
renowned physicist Richard Feynman in 1959 and earned Nobel Prize [22], and
involves designing and producing objects at nanoscale size (~1 to 100 nm) [23].

Nanomaterials are one of the main products of nanotechnology as
nanoparticles, nanotubes, nanorods, etc. It is also explained as nanoparticles have a
high surface to volume ratio [24].

One material that has gained significant attention in nanoresearch is cellulose,
which is a fundamental component naturally found in plants. Cellulose is a type of
sugar polymer consisting of long chains of glucose molecules and is considered one
of the most abundant and renewable biomaterials in the natural world.

Nanotechnology represents a significant advancement in enhancing the
properties of cellulose and expanding its applications. One key innovation in this field
is nanocellulose, which is an advanced form of cellulose at the nanoscale level.
Nanocellulose is obtained by breaking down cellulose into extremely small particles,
leading to increased surface area and improved mechanical and chemical properties.
This makes it an ideal material for nanotechnology applications.

In this chapter, we will explore more details about cellulose and nanocellulose,
along with an overview of hybrid nanocomposites that incorporate nanocellulose and
zinc oxide. These hybrid materials combine the organic properties of cellulose with
the inorganic properties of zinc oxide, and we will delve into their methods of

extraction, preparation, and their advantages in various applications.

1. Nanomaterials and Nanoparticles

1.1. Definition

Nanotechnology , can be defined as the design, synthesis, and application of
materials and devices whose size and shape have been engineered at the nanoscale to
create new and unique materials [25] for various industrial and biomedical

applications [26].
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Nanoparticlesare organic or inorganic [23] can be produced from the
destruction of a macroscopic material, or by the development of a group of atoms or
molecules and can have different shapes such as nanospheres, nanotubes, nanowires,
cells, and single crystals [26]

Nanoparticles can have amorphous or crystalline form. To some degree,
nanoparticulate matter should be considered a distinct state of matter, in addition to
the solid, liquid, gaseous, and plasma states. Nanoparticles have various special and
distinct properties than other particles, are higher surface/volume ratio and melting
temperature which provides tremendous driving force for diffusion[27, 28].
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Figure 1.1: Logarithmicallengthscale showingsize of nanomaterials compared
tobiological components and definition 'nano'and 'micro’ sizes.

1.2. Nanoparticle classification

Nanoparticles are generally classified based on their dimensionality,
morphology, chemical composition, sources (natural and/or anthropogenic),

uniformity, and agglomeration.

1.2.1. Dimensionality

1.2.1.1. Zero dimensional nanomaterials ""0D" materials in dispersed, random
or organized form as in colloidal crystals for optics or magnetic fluids[29].

1.2.1.2. One dimensional nanomaterials **1D"" materials with one dimension in
the nanometer scale are typically thin films or surface coatings, and
include the circuitry of computer chips and the antireflection and hard
coatings on eyeglasses [30]and can be grown controllably to be only one

atom thick, a so-called monolayer.
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1.2.1.3. Two dimensional nanomaterials ""2D" have two dimensions in the
nanometer scale. These include 2D nanostructured films, with
nanostructures firmly attached to a substrate, or nanopore filters used for
small particle separation and filtration[30]. Thick coatings obtained by
plasma spraying or electrochemical[29].

1.2.1.4. Three dimensional nanomaterials "*3D" Materials that are nanoscaled
in all three dimensions are considered 3D nanomaterials. These include
thin films deposited under conditions that generate atomic-scale porosity,
colloids [31], and nanoparticles in compact form as in ceramics and metal
nanostructures [29].

1.2.2. Nanoparticle morphology

Morphological characteristics to be taken into account are: flatness, sphericity,
and aspect ratio. A general classification exists between high- and low-aspect ratio
particles(Figure 1.2) [32] . High aspect ratio nanoparticles include nanotubes and
nanowires, with various shapes, such as helices, zigzags, belts, or perhaps nanowires
with diameter that varies with length. Small-aspect ratio morphologies include
spherical, oval, cubic, prism, helical, or pillar. Collections of many particles exist as

powders, suspension, or colloids [33].

Figure 1.2:The different morphologies of Nanomaterials: (A) non-porous Pd NPs, (B)
Graphene nanosheets, (C) Ag nanorods, (D) poly(ethylene oxide) nanofibers), (E)

ZnO nanowires looking like sea urchins, (F) WO3 nanowire array [32].
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1.3. Nanoparticle composition

The nanoparticles are generally classified into the organic, inorganic and
carbon based:

1.3.1. Organic nanoparticles

This class comprises NPs that are made of proteins, car- bohydrates, lipids, polymers,
or any other organic com- pounds
+ Organic polymers: which represent a new class of the organic nanoparticles or
polymers  with controlled structure and nanometric dimensions. These
nanoparticles are biodegradable, non-toxic, and are sensitive to thermal and
electromagnetic radiation such as heat and light,. These unique characteristics
make them an ideal choice for drug delivery[34, 35].
+ Biologically inspired nanoparticles: are very diverse but normally group
together structures in which a biological substance is encapsulated, trapped or
absorbed on the surface [34].

1.3.2. Inorganic nanoparticles

Inorganic nanoparticles are particles that are not made of carbon. They can be

classified into metals, metal oxides and quantum dots.

+ Metal based

Nanoparticles that are synthesized from metals to nanometer sizes by either
destructive or constructive methods are metal-based nanoparticles [36]. Metallic
nanoparticles (gold (Au), copper (Cu), silicon, iron (Fe), silver (Ag), zinc (Zn) and
cobalt (Co) etc.) are widely used in catalysis, electronics, sensors, photonics,
environmental remedies and medicine [36]. The latter have distinctive properties such
as sizes as small as 10-100 nm, surface characteristics such as high surface-to-volume
ratio, pore size, crystalline and amorphous structures, shapes like spherical and
cylindrical and colors, reactivity and sensitivity to environmental factors such as air,
humidity, heat and sunlight [37].

+ Metal oxides based

Metal oxide-based nanoparticlesare synthesized to modify the properties of

their respective metal based nanoparticles due to their increased reactivity and
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efficiency . Different metal oxides have appeared in various forms: nanotubes,
nanorods, nanoflakes...etc[38].

These nanoparticles have possess an exceptional properties when compared to
their metal counterparts, some structures demonstrate interesting properties for virtual

applications in fields such as sensors, optoelectronics, transducers, medicine[34].

1.3.3. Carbon based nanoparticles

This class comprises NPs that are made solely from carbon atoms. Famous
examples of this class are: quantum dots [39], Fullerenes (C60) [40, 41], Carbon
nanotubes (CNTS) [42], Carbon nanofibers (CNFs) [35], and Carbon black (CB) [35].

1.4, Nanoparticle production processes

In recent years, many techniques have been developed to manufacture
nanomaterials. The choice of techniques to be used is based on several criteria, such
as conditions and synthesis methods. From an industrial point of view, the cost,
duration and reproducibility of the synthesis represent important criteria. In general,
there are two main approaches "bottom-up” and "top-down". Although both
approaches play a very important role in the fabrication of nanoparticles, but each has
advantages and disadvantages. Therefore, one should choose them according to the

requirement very carefully.

1.4.1. Bottom-up method “ascendant”

The Bottom-up or ascendant method involves building material from the
"bottom". it is the build-up of material from atom to clusters to nanoparticles. The
assembly or positioning of atoms, molecules or aggregates is carried out in a precise
and controlled manner, thus allowing the manufacture of materials whose structure is
perfectly controlled, with new and useful properties. The motivation for bottom-up
approaches comes from biological systems, where nature has harnessed chemical
forces to create all the structures necessary for life. The most commonly used bottom-

up methods for nanoparticle production.

The sol-gel method: The "sol" a colloidal solution of solids suspended in a liquid
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phase. The "gel" a solid macromolecule submerged in a solvent. Sol-gel is the most
preferred bottom-up method due to its simplicity and as most of the nanoparticles can
be synthesised from this method. It is a wet chemical process containing a chemical
solution acting as a precursor for an integrated system of discrete particles. Metal
oxides and chlorides are the typically used precursors in sol-gel process [43]. The
precursor is then dispersed in a host liquid either by shaking, stirring or sonication and
the resultant system contains a liquid and a solid phase. A phase separation is carried
out to recover the nanoparticles by various methods such as sedimentation, filtration
and centrifugation and the moisture is further removed by drying [44]. Allows
obtaining an ultrafine powder of the metal hydroxide. Subsequent heat treatments of
this metal hydroxide results in an ultrafine powder corresponding to the desired metal
oxide[45].

In addition to this method there are: Chemical Vapour Deposition (CVD)[35,
46, 47], Biosynthesis is a "green chemistry™ approach [48-50], Pyrolysis[51, 52], and
Spinning [38, 53].

1.4.2. Top-down method “destructive”

The Top-down or destructive method is the reduction of a bulk material to
nanometric scale particles of the desired size and shape. This technique cannot be
used for large scale production of nanoparticles because it is a slow and expensive
process, the most widely used nanoparticle synthesis methods are: Thermal
decomposition [37], Laser ablation [54][42], Sputtering method [55-57], mechanical
milling [58], and Nanolithography [59, 60].

1.5. Properties of nanoparticles

1.5.1. Surface properties

Nanoparticles possess unique properties that are primarily attributed to the
high proportion of surface atoms compared to the core atoms comprising the particle.
Assuming nanoparticles have a spherical shape, the ratio of their surface area to
volume increases, along with the proportion of surface atoms in relation to the total
number of atoms constituting a nanoparticle (Table 1.1). However, as particle size

decreases to the nanoscale, the proportion of surface atoms becomes increasingly

10
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significant, thereby playing an increasingly important role that can alter the properties
of the nanoparticles [61].

Table 1.1: Relationship between particle size and the number of surface atoms [62]

Nanoparticle size Number of atoms on The percentage of the

particle number of atoms on the

Diameter(nm i
iameter(nm) surface of the particule (%)

1.5.2. Optical properties

The optical characteristics of nanoparticles, including transmission,
absorption, reflection, and light emission, exhibit dynamic behavior and are distinct
from their bulk material counterparts. The interaction between electrons and light in
nanoparticles differs from that in bulk materials. The confinement of electrons in
nanoparticles, due to their extremely small size, restricts their free movement, leading
to quantum confinement effects of electrons [63, 64]. By altering the shape, size, and
surface functionality of nanoparticles, a wide range of optical properties suitable for
various applications can be achieved. These modifications directly influence the
observed color of nanoparticles. For instance, spherical gold nanoparticles with a
diameter of 100 nm appear orange, whereas the same size range of gold nanoparticles
exhibits a green color when their diameter is reduced to 25 nm. Similarly, spherical

silver nanoparticles with a diameter of 100 nm display a yellow color [63].

1.5.3. Electronic properties

The electronic properties of metallic nanoparticles are intermediate between
those of an atom which exhibits discrete states and those of bulk metal which exhibits

an electronic structure in energy bands. The electrical resistance increases when the

11
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particle size decreases due to the large proportion of atoms on the surface of the
particles [65].

1.5.4. Mechanical properties

Includes the mechanical properties in nanometric dimension. an increase in the
elastic limit is observed, flexibility that play a significant factor in their application.
the nanoparticles therefore have good ductility, have extremely high hardness and also
impact resistance [66].

1.6. Metal oxides nanoparticles (Zinc oxide nanoparticles)

Metal oxides play a significant role in the various areas of chemistry, physics,
and materials science. Metallic elements can form a large diversity of oxide
compounds, which can adopt a vast number of structural geometries with electronic
structures that can exhibit metallic, semiconductor, or insulator character [67].

Metal oxides are interesting class of materials formed between metals and
oxygen. Some of them have been considered to be important and widely characterized
solid catalysts, and their catalytic property is further enhanced when the materials are
reduced to nanometer scales. Metal oxide nanoparticles become even more beneficial
nanomaterials when empty voids or pores are introduced into their structures to
enhance their surface area. The porosity of the metal oxides could be classified as
micro, meso or macroporous if the pore sizes are <2nm, 2-50 nm and > 50 nm,
respectively [68, 69].

Zinc oxide is an inorganic and is a very promising material in the development
of new materials for renewable energy and for the environment. It has established
itself in recent years in planar technologies as a transparent conductive oxide (TCO)
for solar and photo electrochemical cells, widely used as an additive in many

materials and biomedical products [70, 71].

1.6.1. The properties nanostructures of ZnO NPs

a. Structural properties

ZnO NPs preferentially crystallizes in the compact hexagonal structure of the
Wirtzite type [72, 73] and belongs to the 6mm crystal class, however, It exists in

three different crystalline forms. The first is the cubic structure (Rock-Salt), which

12
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appears under very high pressures, the second is the blende structure which is unstable
and which appears under high pressures, the third is the stable hexagonal structure
under normal conditions. These structures are illustrated in Figure (1.3) [74]. ZnO
also has the property, under certain conditions, of having interstitial atoms, generated
by the empty space between the zinc and oxygen atoms which only fill 40% of the
crystal space [75].

Figure 1.3:Representation of ZnO structures: (a) cubic NaCl, (b) blende, (c)

hexagonal wurtzite

Nanoflowers Nanoparticles Nanorods

Figure I. 4: The SEM images of different forms of ZnO Nanoparticles.

b. Physico-chemical properties:

The physicochemical properties of zinc oxide are as follows [16, 76]:

v' ZnO is a white powder, but in nature it occurs as the rare mineral zincite,
which usually contains manganese and other impurities that confer a yellow to
red color.

v Crystalline zinc oxide is thermochromic, changing from white to yellow when
heated in air and reverting to white on cooling. This color change is caused by
a small loss of oxygen to the environment at high temperatures.

13
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v Chemically, zinc oxide is amphoteric, meaning it can react as both an acid and
a base. It can react with both acids such as hydrochloric acid and alkalis to
form zinc salts, This property makes it useful in various chemical processes

and applications.

Zn0O + 2 HC1 — ZnCl; + H20
ZnO + 2 NaOH + H20 — Naz[Zn(OH)4]

v' ZnO reacts slowly with fatty acids in oils to produce the corresponding
carboxylates, such as oleate or stearate. ZnO also forms cement like material
when treated with phosphoric acid; related materials are used in dentistry. A
major component of zinc phosphate cement produced by this reaction is
hopeite, Zn3(PO4)2-4H,0

v/ ZnO decomposes into zinc vapor and oxygen at around 1975 °C with a
standard oxygen pressure. In a carbothermic reaction, heating with carbon
converts the oxide into zinc vapor at a much lower temperature (around 950
°C).

ZI’lO + C—> Zl’l(\/apor) + CO
v One of the notable physical properties of zinc oxide is its ability to absorb
ultraviolet (UV) radiation. This property makes it a common ingredient in

sunscreens and other skincare products.

In addition to the Physico-chemical properties of ZnO, its have:
Molar mass: 81.406 g/mol, Density: 5.606 g/cm3, not soluble in water (0.0004% at
17.8°C), Band gap: 3.3 eV, Melting temperature: 1975°C, and chemical bond strength
O-Zn:66Kcal/mol.

1.6.2. Application of Zinc Oxides NPs (ZnO NPs)

In recent years, the applications of ZnO nanostructures have received a lot of
attention due to its multiple interesting properties (structural, optical, electrical, etc.);
which makes it a very promising material for a wide range of devices, it is currently

used by several 100,000 tons per year, we present some of them below [77].

a- ZnO powder

The rubber industry is the biggest consumer of zinc oxide, with 57% of the

market. It is used to improve the thermal conductivity and resistance and slow down
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the aging of rubber. The paint industry also uses it a lot because it provides great
hiding power, better color retention, greater durability and protection against
ultraviolet rays, due to its ability to absorb these rays. It also enters the ceramics
industry, by participating in the manufacture of glass, because it makes it possible to
reduce the coefficient of expansion [78]. In the presence of small amounts of metal
oxides (bismuth), zinc oxide exhibits excellent electrical properties. This allows it to
be widely used in the protection of electronic devices and in particular in high-voltage
electrical stations [79].

b- ZnO in thin layers

Thanks to its semiconductor, piezoelectric, optical and catalytic properties,
zinc oxide in thin layers has multiple applications. It occupies an important place in
the electronics industry. Due to their piezoelectric properties, ZnO films can be used
as pressure sensors [80] or in electronic devices such as rectifiers, filters, resonators
for radio communications and in electronic devices. Thin layers of zinc oxide can also
serve as very sensitive chemical sensors in gas detectors[81]. Zinc oxide coatings can

be deposited on polymers and thus increase their durability [82, 83].

c- ZnO in Biomedical

NPs synthesized by biological methods are known to have immense
applications in the field of medicine and in a biological system due to their stability in
various biological media[84]. One of the most important characteristics of ZnO
nanomaterials is their low toxicity and biodegradability. Due to their size, giving them
new properties. They are used in many everyday products. They are products of the
pharmaceutical and cosmetic industry, well-known antiseptic [85]. Mainly as targeted
drug delivery systems to minimize and negative effects of different chronic
degenerative diseases like delay [86]. For example, they are commonly found in sun
care products to provide broad spectrum UV light protection [84]. They were used in
powder (baby powder), or incorporated into ointments for skin complaints, and also
used in the form of medicinal balms for the treatment of open wounds or eye
irritations, because it neutralizes acid productions while destroying the greatest

number of bacteria present on the skin and antiseptic ointments [85].
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Today, researchers are trying to use drugs in the form of more effective
nanoparticles for the treatment of various diseases. Many reports exist in the literature
on the use of ZnO nanomaterials in different biological and medical applications. In
an interesting study [87], presented the desirable properties of ZnO nanomaterials
which have generated enormous interest in biomedical applications.

D. Rania et al 2019 [88], carried out a study aimed at measuring and
optimizing the microcidal activity of ZnO NPs, in particular for the decontamination
of surfaces. Which have shown that, even at low concentrations, ZnO NPs exhibit
bacterial activity. Because at the nanometric scale, nanoparticles have improved
efficiency compared to the same larger materials due to their specific surface. Also
Afaf D. et al. (2018) [89], used ZnO NPs as a therapy against coccidiosis, which is a
protozoan infection of animals that causes growth retardation and high mortality in
rabbits.

2. Lignocellulosic biomass

Lignocellulosic biomass includes various natural organic matters which
mostly refer to the plants or plant based materials which is the largest amount of
sustainable carbon material group and the most promising feedstock for the
sustainable production of biochemical, bioethanol and biofuels [90].

Especially, lignocellulosic biomass is a source of natural fiber which can
substitute the petroleum-based polymers due to its outstanding environmentally
friendly properties. Furthermore, the wastes from biomass such as agricultural wastes
and forest residues have high potential for reuse as fuel or feedstock for production of
high value-added materials without the competition with human and animal food
chains. Cell wall structure of lignocellulosic biomass mainly consists of three kinds of

polymer, i.e. lignin, hemicelluloses, and cellulose Figure 1.5.
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Figure 1.5: The cellulose, hemicellulose and lignin in the cell wall of

lignocellulosic biomass.

4+ Hemicellulose

Hemicellulose represents about 20-35% in lignocellulosic biomass [91-93].
Hemicellulose is the hetero polymer which is composed by the short, linear, and
branched chains of different kinds of monomers such as pentoses and hexoses [94,
95]. Hemicellulose adheres to the cellulose fibrils through hydrogen bonds and
Vander Waal’s interactions Figure I1.1. In addition, it also cross-links with lignin
[96]. Theimbedding of hemicellulose with cellulose and lignin relates to the strength
in structure of plant cell wall. Hemicellulose can be hydrolyzed By using acid,
alkaline or enzymatic hydrolysis in mild conditions for production of fuel ethanol and
the valuable chemicals from its oligomers or monomers which can be used for food,

cosmetic, pharmaceutical industries, mining industries and so on [96, 97].

#+ Lignin

Recently, the isolation of lignin from lignocellulosic biomass and the
depolymerization of lignin are mainly studied for the production of bio fuels and

chemicals from natural materials [98, 99]. Lignin represents about 10-25% by weight
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of dry lignocellulosic biomass[91-93]. In plant cell walls, lignin serves as the binder
which holds between and around cellulose and hemicellulose complexion Figure
I1.1. With its binding function, lignin provides the stiffness, compressive strength,
resistant to decay, and water impermeability to plant cell wall. Lignin consists of the
cross-linked amorphous copolymer synthesized from the random of three different
phenylpropane monomers the ratio of these three primary monomer units depends on
the species and sources of lignocellulosic biomass[98, 100, 101]. Lignin-based carbon
materials are applied for catalysis, energy storage, and pollutant removal, which are
attractively developed [101].

+ Cellulose

The word “cellulose” originates from a French word called “cellule”, meaning
a living cell and glucose. This was discovered by a French chemist called Anselme
Payen in 1838 [102]. Cellulose is the major component in lignocellulosic biomass
which is mainly localized in the plant fiber walls at around 35-50% [91-93] such as in
wood, hemp, cotton, cereal straws and other plant-based materials[103, 104].

Cellulose is an environmentally friendly and is a natural stable polymer, the
polymers are formed by building block unit d-glucopyranose (glucose) molecules,
which are linked together by B-1,4-glucosidic bonds [105] through an oxygen
covalently bonded to the C1 of one glucose ring and the C4 of the adjoining. The
chemical formula of cellulose is CsH100s)n (n = 10 000 to 15 000 ) , where n is the
number of repeating sugar) [106-109],

The cellulose is containing hydrogen bond network, which does not dissolve
in common aqueous solvents and does not exhibit a melting point [110]. Ultimately,
some of the cellulose chains will agglomerate to form fibril or microfibrils due to the
strong intra molecular and intermolecular hydrogen bonding, which makes the
cellulose molecule highly stable [111]. The structure of cellulose is composed of three
hydroxyl groups, the primary (- OH) at the C-6 position and the secondary (- OH) at
C-2 and at C-3 which are hydrophilic [104, 112, 113]. However, cellulose is insoluble
in water and some solvents [114].

Furthermore, the strong hydrogen bonding due to the hydroxyl functional

groups leads to the formation of a crystal structure, each cellulose molecule contains
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several crystalline and amorphous parts thus making cellulose a semi crystalline
polymer comprising ordered and disordered regions within a single microfibril [115].

with a production capacity of and approximately 700 billion tons annually
[116]. The global market indicates that the cellulose market’s size was estimated to be
USD 211.68 billion in 2019 with an expected increase of compound annual growth
rate (CAGR) by 2.9% from 2020 to 2026 [117].

3. Cellulose in nanoscale (Nanocellulose)

Micro and nanocellulose are the common sizes of cellulose used in industrial
applications by chemical, mechanical and biological methods [118, 119]. These
methods can be used separately or in sequence in order to achieve the preferred
morphology, structure, dimensions, composition and properties [119]. Depending on
the technique and synthesis conditions of nanocellulose, it can be divided into three
main categories or type: nanocrystalline cellulose, nanofibrillated cellulose, and
bacterial nanocellulose ones. Although all types are similar in chemical composition,
they are different in morphology, particle size, crystallinity, and some properties due

to the difference of sources and extraction methods [120, 121].

3.1. Cellulose nanocrystals (CNCs)

Cellulose nanocrystalsalso known as cellulose whiskers nanocellulose or rod-
like cellulose nanocrocrystals are whisker-shaped material isolated by the
biosynthesis process from cellulose, CNCs are commonly produced using acid
hydrolysis of cellulosic materials dispersed in water. Both the reaction conditions
such as the nature of the acid and the source of cellulosic material have a great impact
on the obtained properties of CNC, for example, aspect ratio, degree of crystallinity,
structural and morphological properties, and size and dimensional dispersity [122].
They show relatively width of 3-50 nm and length varies between 100 nm to several
micrometers [123], it contains 54 to 88% in crystallinity and are 100% cellulose
chemical composition[120, 121]. With higher thermal stability value (~260 °C), larger
aspect ratio (10 to 70), and lower density value (1.5-1.6 g/cm3) [123, 124]. CNCs are
obtained from cellulosic biomass such as wood and cotton fibres [125]. CNCs also
exhibit several unique properties such as high crystallinity index, high-magnetic

response, high strength and large surface area[126].
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3.2.Cellulose nanofibrils (CNFs)

Also known as nanofibrillated cellulose (NFC), microfibrillated cellulose
(MFC) or cellulose nanofibers, can be expressed as a natural cellulosic material, It's
the long, flexible and strongly entangled of nanofibrils [107, 127]. Unlike CNCs,
which have near perfect crystallinity (c.90%), CNFs contain both amorphous as well
as crystalline cellulose domains within the single fibers [128]. CNFs are isolated
using the mechanical disintegration [129], which require high energy consumption
usually involves and involve different types of equipment and processes which are not
cost-effective [130]. Also, chemically, enzymatically or treated by solvents of
cellulose fibres [131]. The resulting product of CNF is high volume and large surface
area cellulose fibers, having diameter in nanometer range (nm) and several
micrometer of micrometres (um) lengths [132]. Comparing with nanocrystalline
cellulose, nanofibrillated cellulose has the longer length with high aspect ratio (length
to diameter), high surface area, and high extensive of hydroxyl groups which is easily
accessible for surface modification [120].

The basic properties of obtained in CNFs depend on the natural source of the
cellulose materials including cotton stalk [133], banana [134], corn husk [135], and
soft and hardwoods [136], rice straw [137], and sugar beet pulp[138] Similarlythe
methods employed vary the degree of crystallinity, the intensity of fibrillation,

morphological and structural properties of the resulting CNFs[139].

3.3. Bacterial nanocellulose (BNCs)

Also known as microbial nanocellulose or bionanocellulose and electrospun
cellulose nanofibers (ECNFs). BNCs is another type of nanocellulose differed from
CNF and CNC particles, displays the same molecular formula as plant's cellulose.
synthesized from several bacterial species such as Gluconoacetobacter (e.g.,
Acetobacter xylinium) species within several days cultivation in aqueous culture
media containing carbon and nitrogen sources [140]. The glucose chains are supplied
inside the bacterial body and expelled out through minor pores present on the cell wall
[132]. Those bacteria are capable of altering glucose into cellulose materials through a
biofabrication assembly process [141], from building up of low molecular weight of
sugars by bacteria mainly by bottom-up process, resulting in a three dimensional

network of nanofibers [142].
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As such, the bacterial nanocellulose is always in the pure form without other
components from lignocellulosic biomass and does not require additional processing
to remove contaminants like lignin, pectin, and hemicelluloses [143]. It is twisting
ribbons in the form of nanofiber system with the average diameters of 20 to100 nm
and micrometer of lengths with large surface area per unit[127, 144].

The advantages of bacterially derived cellulose microfibrils are as lightweight,
non-toxic as well as controllable microfibril formation (3D). BNCs has native
cellulose I crystal structure with high molar mass, a higher degree of polymerization,
higher crystallinity (70-80%), similarly, have the ability to form an extremely
ultrafine web structure (3D) that allows them to not to be dispersed in water [145,
146]. BNCs is regarded to have higher Young's modulus value (78 GPa), higher
molecular weight (8000 Da), reported to have excellent water holding capacity
(content 90%) [140], and high thermal and mechanical stability [142, 147]. Because
of excellent characteristics, BNCs is extensively used in biomedical applications
[148]. In addition, biomedical materials have claimed attention because of the
increased interest in tissue engineering materials for wound care and regenerative
medicine [149]. Nonetheless, it is economically unattractive due to its highly

expensive carbon source [109].

4. The extraction of Nanocellulose from different biomass

4.1. Cellulose pretreatments methods

Cellulose is occurred in nature as assemblies of individual cellulose long
chain-forming fibers, instead of an isolated molecule or individual cellulose particle.
Several individual cellulose particles make one large unit called as protofibrils
(elementary fibrils) that are packed into larger sections, generally named as
microfibrils [150]. Plants, the natural major source of cellulose are consist of cell
walls cellulose molecules and other closely packed polysaccharide moieties, which
results in a complex morphology of the cellulose fibers. The pretreatment process has
become an important step for improve the degree of nanofibrillation with increase in
production of cellulose fibers [151].

The aim of the pretreatment process is to remove ashes, waxes, lignin,

hemicellulose, and other noncellulosic compounds, which are crucial and an
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important step for improve to produce pure cellulosic products such as CNFs and
CNCs [106, 152].

4.1.1. Alkaline-acid hydrolysis pretreatment

In this pretreatment process, the biomass is treated mostly with an alkali
solution for extraction the cellulose fibers. This treatment process is famous for the
surface modification of natural fibers which involves the solubilization and removal
of hemicellulose, lignin, extractives, and waxes [153] before mechanical isolation of
nanocellulose NFCs [154-158]. Alkali treatment cause the breakage of intermolecular
a- and p-aryl ether linkages between hemicellulose and lignin, causing swelling of the
biomass pores, disruption of the lignin structure, an increase in available surface area
and ductility [159, 160].

Alkaline extraction needs to be controlled to avoid cellulose degradation
[161]. Depending on the type of biomass, different working conditions are established
for the alkaline treatment in relation to NaOH concentration, time and temperature.
Alkaline pretreatment is an effective method that can improve cellulose yield from
43% to 84% [154] wherein lignin and hemicellulose are hydrolyzed [162]. However,
if lignin content is high in the cellulosic source, the cellulose and nanocellulose yield
is low [162, 163].

4.1.2. Enzyme hydrolysis pretreatment

Enzymatic pretreatment is a biological treatment that used for modification of
biomass cellulose fiber by used enzymes are used in the assistance of the restrictive
hydrolysis of several particles or the selective hydrolysis of specified elements in the
cellulose fibers [164]. The enzymatic treatment mechanism is complex, but the
enzyme action is based on the catalysis of the H-bonding linkage between cellulose
microfibers [118] it's can degrade or modify the noncellulosic (lignin and
hemicellulose) contents without disturbing cellulose content [165, 166].

Generally, the reaction time required for enzymatic pretreatment is much higher as
compared to the acid hydrolysis process [164]. Several reports [167, 168] have been
done for the CNF production from bleached softwood pulp by using enzymatic

pretreatment process with homogenization and refinement. [169, 170].

22



Chapterl Overview on the Nanomaterials, cellulose, and cellulose/ZnO NPs

4.1.3. lonic liquids pretreatment (ILs)

ILs are organic salts having special properties such as nonflammability, thermal
and chemical stability, and infinitely low vapor pressure [171, 172] no corrosive
properties, as well as lower melting temperature (below 100 °C), and low
viscosities[173]. Except for enzymatic and alkali acid pretreatments, ionic liquids
have also been extensively reported to be used [173, 174] lonic liquids dissolve
cellulose and render a wide range of particle morphologies. The ionic liquid breaks
intra molecular hydrogen bonds, whereas the cations attack the O atom of the —OH,
and anions attack the hydrogen atoms of the -OH group [173], by using an ionic
liquid 1-butyl-3-methylimidazolium chloride [(Bmim)CI] , after that high-pressure
homogenization (HPH) technique was used to isolate nanocellulose fibers (CNFs)
after precipitation these fibers in water solution and regenerated by freezedrying
[173].

Generally, the power of the microwave, reaction time, temperature, and the
weight ratio of cellulose to ionic liquid have agreat influence on the solubilization of
cellulose [175]. The most important advantage of using IL as pretreatment is the
minimal loss in solvent recovery, which can also be used many times. For example, it
has been possible to recover more than 90% of BmimCl by reusing it four times
without losing its activity [176]. The most common anions employed are: (Al2Cl7),
(AICls), BF4, PFg,(SbFs)", (CF3CO2)", (GeClz), (ClO4) and (OTS) 177, 178].

4.1.4. Bleaching Process

The bleaching process, related to cellulose purification to improve ageing
resistance avoiding yellowing and brittleness, these defects are mainly related to the
presence of lignin. After pretreatment and obtain an accurate removal of lignin This
step provides a more homogeneous end product.

Different compounds are commonly used for cellulose bleaching and
purification techniques these include: sodium acetate and chlorite [179], the treatment
with tetraacetylethylenediamine (TAED) [180], hydrogen peroxide (H20z), chlorine
dioxide (CIO.), ozone (O3), peracetic acid, and NaClO2[181].

In most cases, bleaching is achieved by treating the fiber with chlorine in an
acid medium, where it can be remove most of the lignin from lignocellulosic biomass.

The process temperature is 70-80 °C, and treatment time can vary between 4 and 12

23



Chapterl Overview on the Nanomaterials, cellulose, and cellulose/ZnO NPs

h, and it was based on performing a in one or more steps This allows us to obtain pure
white cellulose microfibers[179].

The final purification of the cellulose fibers obtained not only increases the
removal of lignin but also reduces the diameter and improves some properties such as
crystallinity or surface area [179]. However, this procedure is not environmentally
friendly and other more ecological but perhaps less efficient bleaching processes
should be applied, such as the use of ozone or hydrogen peroxide.

4.2. Isolation of Nanocellulose

After the chemical purification of natural biomass materials, the sec- ond
process is the conversion of purified cellulosic content to nanoscale particles (CNC or
CNF) to obtain the desired characteristics of the nano- particles [182], by using
several techniques especially acid hy- drolysis and mechanical treatments separately
or in a combination of the various methods. In this section, the main extraction

methods are categorized to several techniques:
4.2.1. Chemicals process (acid hydrolysis)

Acid hydrolysis is one of the main processes for the extraction of
nanocellulose from cellulosic materials. Fabrication of CNCs by chemical treatment
methods using hydrochloric acid and sulfuric acid is the most common method used
for decades [122, 181, 183]. The first isolation of CNCs using sulfuric acid was
reported by Ranby and co-workers in 1949 [184].

The main process for the preparation of CNCs is based on strong acid
hydrolysis under strictly controlled conditions of concentration, temperature,
agitation, and time by acid solution [185, 186], the major influencing factors
regarding the structural and dimensional properties of the obtained fibers [120, 182].
The mineral acid breaks the B-1,4 glycosidic bonds in cellulose. During hydrolysis,
the amorphous regions are attacked to dissolve her and permit longitudinal cutting of
microfibrils, leaving the crystalline regions intact [187]. The CNCs have a degree of
crystallinity from 55% to 90%. Moreover, the degree of crystallinity, aspect ratio, and
morphology depends on the source of cellulosic material and preparation conditions
[188]. Smaller CNCs are obtained by increasing hydrolysis time and acid

concentration [162]. The main drawback of acid hydrolysis is the acid wastewater
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generated from the washing process in order to neutralize the pH value of the
nanocellulose suspension [189].

4.2.2. Mechanical process

The mechanical treatments is separately or in a combination of the various
methods to obtain the desired characteristics of the nanoparticles [190, 191].
Mechanical methods are followed by chemical treatments to decompose or remove
the amorphous material, it's help in widening the space between hydroxyl groups to
break the hydrogen bonding of the cellulose fibers (interfibrillar materials), increased
the reactivity of obtained fibers which helps boost the reactivity of the fibers [191,
192]. There are Several mechanical methods to convert cellulose fibers into
nanofibers particles such as: High-pressure homogenization (HPH) [193-198], High-
intensity ultrasonication (HIUS) [195, 199], Ball milling [200, 201], Microfluidizers
[202, 203]. Grinding [196], and Cryocrushing [195]. [196, 204].

4.3. Applications of nanocellulose

Nanocellulose is believed to be a replacement for synthetic materials in more
environmentally friendly materials, and is an addition to completely new types of
biomaterials, i.e., cellulose nanocomposites. There are plenty of application areas for
nanocellulose-based materials derived from natural resources (agricultural, biomass,
and forestry residues) showing extensive and inclusive prospect in daily life (Figure
1.6).
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Figurel.6.Different applications of nanocellulosemateris.

All applications of nanocellulose are associated to their excellent properties,
lightweight, and the application specifications and standards [127].

Recently, nanocellulose particles in printing applications have become the
subject of increasing study. Researchers found that CNFs material could improve the
ink density and the quality of print when it was subjected to be used as a coating agent
to enhance the print quality of synthetic fiber sheet [205]. As well as for extensive
applications in food packaging [206]. Because of the small diameter of CNCs, it is
useful in the medical, pharmaceutical, cosmetic, hygienic [207], field applications,
especially in the vascular graft [208], wound healing, burn, and ulcer dressings[102].
As well as used in producing highly porous materials with higher tensile strength such
as nanocellulose papers making and films for varied purposes[209, 210].

It is also used in tissue engineering, electronic [211], optical, sensor, and as a
supporting agent in metal nanoparticles in catalysis applications [212], synthetic
plastic or polymers, fuel cells, filtration, solar cells, and lithium-ion batteries [213].
The CNCs bionanocomposites can also be implemented in automotive components
[214] and fire extinguishers [215] due to their high thermal stability and tensile
strength.
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5. Cellulose/ZnO Nanocomposites materials

The field of metal oxide-cellulose (MOC) nanocomposites is an emerging area
that offers unique advantages in incorporating inorganic nanoparticles into natural-
based materials for various applications. It is crucial to carefully synthesize MOC
nanocomposites to ensure the proper dispersion of metal oxide nanoparticles within
the cellulose matrix, preventing their aggregation. Cellulose, a natural polymeric
material, possesses abundant OH groups that can be modified with other functional
groups to enhance its properties. The combination of metal oxides and cellulose
nanoparticles in the composite structure offers significant benefits. Metal oxide
nanoparticles provide an increased surface area for various reactions, such as
photocatalysis. On the other hand, nanocellulose exhibits intriguing properties
including biodegradability, biocompatibility, nontoxicity, ion-adsorption capacity,
high thermal strength, sensitivity, and stability [216].

5.1. Preparation of Cellulose/Zinc Oxide nanocomposites

Generally, severals methods for preparations a cellulose/ZnO nanocomposite
using metal or metal oxides nanoparticles and nanocellulosic materials especially:
— Cellulose and metal oxide nanoparticles mixing without using any external
reducing elements.
— By using an external reducing agent with metal/metal oxide NPs and CNFs
particles.
— Nanoparticles composite materials synthesis without any reducing agent.
— Nanoparticles preparation by chemical surface modification of nanocellulosic

materials as shown in Figure 1.7.

which includes the hydrothermal or wet chemical, solvothermal,
electrospinning sol-gel, coprecipitation, and microwave synthesis methods [205,
210], spray pyrolysis, precipitation, and pulsed laser [217]. For cellulose/ZnO NPs
preparation usually, chemical methods are preferred to physical ones because of

simple equipment used, milder reaction conditions, and facile scale up.
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Figure 1.7: Schematic presentation for the synthesis of nanocellulose/metal NPs

hybrid composite. (a) Simple blinding of prepared inorganic NPs and cellulose source

(b) Synthesis of NPs using nanocelluloses without using external reducing agents, (c)

Preparation of NPs composite using an external reducing agents, and (d) Synthesis of

NPs composite through nanocellulose surface modification.

5.2. Application of Cellulose/Zinc Oxide nanocomposites

Recently, polymers based metal oxides have been reflected as important

materials due to their extensive range of applications like solar photo-catalysis, cells,

waste water treatment, photodetector, sensors [218, 219], nano-composite films [220].

5.2.1. Application in water treatment

Metal nanocomposites are known to have physiochemical properties such as

high reactivity for the separation, extraction, and removal of pollutants in water. The

incorporation of metal oxides or inorganic materials into cellulose is an interesting

way of improving material properties and could act as a platform in the purification of

water.

Different cellulose / metal oxides nanocomposites like cellulose/ZnO NPs
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have been prepared and used in photodegradation of dye components in water. The
degradation of methylene blue dye using ZnO/cellulose nanocomposites has been
reported by Lefatshe et al [221], and according to their reports, the nanocomposites

showed better efficiency compared to the ZnO nanoparticles alone.

5.2.2. Biomedical applications

ZnO NPs were shaped into a composite form by using biodegradable and
biocompatible hydroxyethyl cellulose as a stabilizing agent through facile technique.
The results of environmental friendly synthesis of nanoparticles lead to a new
generation of nanomaterial for treatment of diabetic complications[222]. The
antimicrobial properties of bacterial cellulose-zinc oxide nanocomposites were tested
against common burn pathogens[223]. Hybrid nanocomposites exhibited 90.9%,
94.3%, 90.0%, and 87.4% activity against Citrobacter freundii, Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa, respectively. Recently, the
nanocomposite films of CNFs and ZnO nanoparticles showed greater antimicrobial
ability against Gram- positive Staphylococcus aureus, recommending the CNF/ZnO
films can be used in a targeted biomedical application. The scaffolds of ZnO NPs and
CNF are also synthesized and proven to be degradable (in vitro) in nature due to
swelling and degradation nature of TEMPO oxidized CNF resulting in high blood
absorption in significant bleeding inhibition[224].

5.2.3. Application in food packaging

The reports in a study revealed that the food packaging materials established
with nanotechnology are the largest group of current nanotechnology applications for
food sector[225]. Currently, Zinc oxide is listed as safe material by the food and drug
administration and is also used as a food additive. ZnO NPs have been incorporated
with different polymers to improve the properties of the nanocomposites resulted in
the improvement of barrier and mechanical properties as well as heat resistance
properties when compared with the original polymers itself or conventional
composites[226]. A composite containing bacterial cellulose (an interesting
ecofriendly biomaterial), zinc oxide and polypyrrole (a famous conducting polymer)
has been prepared and considered as a suitable candidate for applications in smart

packaging in the food industry[227].
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5.2.4. Ultra-violet (UV) sensing properties

ZnO nanoparticles have strong UV response that generally depends on the
surface area and crystalline size in case of powder form the morphology and nature
and of the surface in case of ZnO films. The ZnO nanostructure composite with
suitable polymers can significantly enhance its activity in sensors[228, 229].
Cellulose/ZnO NPs powder is reported to be synthesized by growing ZnO nanorods
on the cellulose fibers (powder) surfaces at different temperatures using agqueous
chemical method for the fabrication of UV sensor[230]. Composite involves the
advantages of cellulose in terms of sustainability, flexibility, transparency, and low
price as well as exploitation of synergetic effects of ZnO functionality; characteristic
results proved that it can be used for wearable sensors that can detect the UV
component of sunlight with great sensitivity and stability[231]. There are many
reports on the applications of CNF/ZnO NPs nanocomposites as UV sensors[230,
232-234]. The study revealed that cellulose was crucial for development of the
porosity of the ZnO surface and a higher porosity leaded to an improved absorption of
UV radiation[230].

Conclusion and future perspectives

Advances in nanotechnology are driven by rapid commercialization of
products containing nanostructures and nanoparticles with remarkable properties. This
is reflected in the enormous number of publications on nanotechnology. The
conclusion highlights the utilization of plant fibers in conjunction with zinc oxide
nanoparticles and discusses the current state of research findings and future
developments in nanocellulose applications. The controllable properties and
reproducible production methods of bio-compatible nanocellulose are essential for its
acceptance as a commercially available material in multiple applications.

Furthermore, the incorporation of zinc oxide nanoparticles with cellulose or
nanocellulose particles can significantly enhance the physical, morphological, and
catalytical properties of the matrix. These nanocellulose/zinc oxide composites are
considered multifunctional materials with improved modulus, strength, antibacterial
properties, and photocatalytic capabilities.

In the future, the demand for nanocellulose/ZnO-NPs-based materials will
increase, particularly in flexible and wearable electronics in the biomedical field, due

to their lightweight and non-toxic properties. Therefore, further investigations are
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necessary to facilitate the industrialization of nanocellulose/ZnO-NPs nanocomposites
to meet human needs effectively.
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CHAPTER TWO:
WATER POLLUTION AND

ADSORPTION METHODE
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Introduction

Environmental pollution is one of the utmost global concerns with
exacerbation of industrial, urban, and agricultural activities due to population
escalation. jeopardizes the human health and balance of ecosystem[235].

Water is essential for life. Its role is fundamental for the economic
development of human civilization given its use in many sectors including industry
and agriculture. This vital resource is well known for its great fragility. Hence the
need to improve effective means for its protection against pollution [236].

The pollution of water by various organic materials: dyes (e.g., methylene
blue, basic violet 3, reactive yellow 145), heavy metals (e.g., lead (I1), chromium
(VI), cadmium (11)) and other toxic substances is a global problem and a real danger
for aquatic flora and fauna and causes serious problems for mankind[235]. Reducing
the content of these toxic micropollutants is extremely important in terms of
protecting natural environments and improving water quality. In this chapter we

present some generalities on pollution and water treatment.

1. Water pollution by heavy metals and dyes

The rapid growth of industrial and agricultural activities has resulted in
considerable discharge of pollutants into the environment, particularly dyes and heavy
metals thus causing major concern worldwide [237]. Underground water is the major
source of drinking water. This underground water is being polluted by the wastewater
containing a large number of contaminants like acids, bases, toxic organics,

inorganics, heavy metals[238].

1.1. Contamination of water by dyes

Dyes are basically coloured chemical compounds that a water-soluble, and can
connect themselves to surfaces or fabrics to impart color [239]. which have
mutagenic and carcinogenic impacts [240] which affects the environment due to the
presence of toxic pollutants resistant to microbial biodegradation [241, 242]. The
majority of dyes are complex organic molecules and consist of two components which

are chromophores(the part of a molecule responsible for its color, e.g: -N=0, -C=C-, -
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C=0) and auxochromes (A functional group that modifies the light absorbance,e.qg: -
OH,—NH2, —COOH.) [243].The dye molecules persist in the aquatic environments
due to their low biodegradability, stability to photolysis and oxidizing agent [1].

1.2. Classification of dyes

There are two types of dyes that are natural and synthetic. The natural sources
are plants, animals, minerals and insects without any chemical treatment [244, 245].
Synthetic dyes are synthesized chemically, which are highly stable and toxic to living
organismes.

There are many ways that can be classified for the classification of
Commercial synthetic dyes. Classification can be done concerning color [246],
molecular structure, and methods of application[1, 247].

Dyes can also be classified generally based on charge when dissolved in the
aqueous medium [248, 249], such as cationic dyes (all basic dyes), anionic dyes
(direct, acid, and reactive dyes), and non-ionic dyes (dispersed dyes), and the

following (Table 11.1) shows various types of dyes.

Table I1.1:Different types of dyes and their Health impacts, water solubility,

and applications.

Type Water Applications Health impacts Example
Solubility
Acid Soluble Cosmetics,food,leather carcinogens AcidYellow36
,modifiedacrylics,nylon Asthma Methyl Orange (MO)
,paper,printingink Allergenic effects Congo Red (CR)
,silkandwool
Basic Soluble Inks,medicine,modified carcinogens Basic yellow-28
nylon,modifiedpolyester Skin Allergies MethyleneBlue(MB)
,paper,polyacrylonitrile,poly Respiratory toxicity Malachite green
ester
Direct Soluble Cotton,leather,nylon, bladder DirectOrange26
rayon,silkandpaper carcinoma Violet, blue, and
Disperse Insoluble Acetate,acrylicfibers, DNA damage Disperse yellow,
cellulose,celluloseacetate Splenic sarcomas bleue, and Red
Reactive Soluble Cellulosic,cotton,nylon,
silkandwool / ReactiveBlues
Azo Soluble /insoluble Acetate,cellulose,cotton
, rayonandpolyester / BluishRedazodye
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+ Methylene blue (BM)

Among these kinds of dyes The Methylene blue (BM) dye (or
methylthioninium chloride) which was highlighted in this research as a representative
model of medium-sized organic pollutants. MB is a cationic (basic) dye and one of
the most widely used synthetic dyes in various fields. It is used as a colorant in the
textile industry because of its properties such as water solubility [250], simplicity in
utilization, and resistance to degradation [251] as it has widely been applied to cotton
substrates, providing a wide range of bright and colorful tones [252]. It serves as a
redox color indicator (its oxidized form is blue, while its reduced form is colorless),
As an antiseptic in aquariums, and as a means of combating methemoglobin. It is
harmful if ingested and irritating to the eyes, respiratory tract, and skin [253]. Table:
1.2 and Figure: 1.1 display some chemical properties and chemical structure of BM
dye [253, 254].

e
Figure I11.1: Chemical structure of methylene blue dye [255].

Table 11.2: chemical properties of methylene blue dye.

Nom Bleu de méthyléne (BM)
Famille ' Colorants Basiques
Formule brute C16H18N3SCl
Appellation chimique 3,7-bis-(dimethylamino) phenazathionium
Masse molaire (g/mol) 320 g/mol
Dimensions (A°) 15 (diametre)
Amax 663 nm
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2. Water treatment methods

The remediation of aqueous solutions and wastewater requires treatment
technologies which are robust, efficient, simple to operate and affordable such as
adsorption [256]. Water treatment technologies for the removal of toxic metals and
dyes The use of any water treatment technology in dyes and heavy metals removal
depends on the basis for the treatment or kind of contaminant to be removed. For
example, water treatment techniques suitable for the removal of dyes might be
unsuitable for heavy metals removal to the extent of acceptable discharge limit. The
concurrent removal of these coexisting most common and highly hazardous pollutants
is difficult due to their persistent environmental nature [235]. There are several
methods to remove pollutants from water classified as chemical, physical, and
biological methods (Figure 4).

— Chemical methods can be such as precipitation (via chemical reaction,
electrochemical), complexation, degradation (via chemical reaction (oxidation,
reduction).

— The water treatment via physical methods includes adsorption, sedimentation,
filtration, extraction, floating, and degradation via light (photocatalysis), or heat
(pyrolysis).

— The biological methods including enzymatic degradation, and flocculation can be

also used for the removal of pollutants such as organic contaminants

3. Adsorption

Adsorption is a phenomenon that occurs at the surface’s interfaces, a surface
process that leads to the accumulation of a substance (an atom an ion, or molecule )
on the solid surface from its gaseous or liquid surroundings. The solid surface on
which the adsorption process occurs is called the adsorbent, and the substance that
accumulates on the surface of the solid is called the adsorbate [257].

Several definitions have been given by various authors, the most common
among these are: Adsorption is a physicochemical phenomenon resulting in a
modification of the concentration at the interface of two immiscible phases: (liquid /
solid) or (gas / solid), we will therefore speak of the couples (adsorbate/adsorbent),

This is a process of the greatest importance with regard to the behavior of both
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inorganic and organic substances in natural waters because it influences both the
distribution of dissolved and particulate substances and the properties of the particles
in its suspension [258].

3.1. Types of adsorption

The nature of the bonds formed as well as the amount of energy released
during the retention of a molecule on the surface of a solid makes it possible to
distinguish two types of adsorption; physique sorption (Physisorption) and chemical

sorption (chemisorption) [259, 260].

3.1.1. Physical sorption (or Physisorption)

It is usually called natural adsorption and also called van der Waals
adsorption because It illustrates the nature of the weak link between the adsorbate and
adsorbent including hydrogen bonding without a chemical change of the adsorbed
molecules, and it occurs at low temperatures and within the limits of energies (mole /
Kcal 10) at most. It is a process characterized by low binding energy and produces
energy less than 40 kj /mol [24], usually rapid and readily reversible. Although weak
individually[261].

3.1.2. Chemical sorption (or chemisorption)

Chemisorption is a process that results from the formation of a chemical bond
that occurs between the adsorbent surface and molecules or ions of adsorbate [262].
As changes occur in the molecular structure and it is characterized by high binding
energy [20-200 kj /mol] [263]. It is characterized by high binding energy (greater
than 40 kJ mol-1) and corresponds to the more permanent ionic or covalent bonds
between the adsorbent and the adsorbed molecule. This type occurs This interaction
occurs between various organic molecules and the surface of the adsorbent material

that can lead to the formation of a complex [264] and at high temperatures

3.2. Factors Experimental Influencing the Adsorption Process

There are principal factors that affect the adsorption effectiveness for instance:
adsorbent dosage, contact time, pH, the initial dye concentration, and temperature

[265]. Before applying an adsorbent material on an industrial scale, it is first
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optimized in batch mode experiments; then if it possesses a high removal efficiency, it
can be employed in industrial adsorption [266, 267].

In the next section, some of the factors affecting the adsorption process of dyes in
wastewater [266, 268, 269]:

3.2.1. Effect of solution pH

The pH of adsorbate is vital in the determination of the active site’s charge
[270]. The efficiency of adsorption is dependent on the solution pH since variation in
pH leads to the variation in the degree of ionization of the adsorptive molecule and
the surface properties of the adsorbent [271]. At lower pH values, H30O" ions
concentration is high and protonates carboxylate as well as amino groups making the
adsorbent surface more positive [272]. This makes -COO'H* and NH3" groups lose
affinity for dyes by creating an electrostatic repulsive effect between surface sites of
adsorbate and the dye ions resulting in a decrease in the adsorption capacity of dye s
[273, 274]. To obtain maximum removal capacity, optimum pH is very important
[275].

3.2.2. Effect of contact time

The interaction time is a vital parameter as adsorption is dependent on
residence time [276]. At the initial stages, there are available adsorbent surface sites
that rapidly adsorb dyes [277]. At equilibration time, active sites are exhausted
limiting the capacity of adsorbent of dyes that can be adsorbed [278]. Completion of
adsorption occurs when equilibration time is achieved at a specific time of adsorption
[279]. Which means the active sites of the adsorbent are saturated with adsorbate
molecules and no further adsorption can take place.61Therefore, obtaining optimal

residence time of adsorption is important [240].

3.2.3. Effect of temperature

The effect of temperature on the adsorption process is another significant
Physico-chemical process parameter because the temperature will change the
adsorption capacity of the adsorbent it is either exothermic or endothermic [280]
depending on the nature of the materials used in the adsorption process due to the
Kinetic energy of its molecules, and this requires adjusting the process temperature

from the beginning [281]. Thus, if the amount of adsorption increases with increasing
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temperature then the adsorption is an endothermic process. Increasing the temperature
enhances chemical adsorption processes. Whereas the decrease of adsorption capacity
with increasing temperature indicates that the adsorption is an exothermic process, the

temperature enhances physical adsorption [282].

3.2.4. Effect of initial dye concentration

The initial concentration of sorbate is another important parameter, which
affects the adsorption phenomenon and the amount of adsorption for dye removal.
The effect of initial dye concentration depends on the immediate relation between the
concentration of the dye and the available sites on an adsorbent surface. In general,
the percentage of dye removal decreases with an increase in the initial dye
concentration, which may be due to the saturation of adsorption sites on the adsorbent
surface. On the other hand, the increase in initial dye concentration will cause an
increase in the capacity of the adsorbent and this may be due to the high driving force
for mass transfer at a high initial dye concentration [283].

3.2.5. Effect of dosage of adsorbent

Adsorbent dosage is an important process parameter to determine the capacity
of an adsorbent for a given amount of the adsorbent at the operating conditions.
Generally, the percentage of dye removal increases with increasing adsorbent dosage,
where the quantity of sorption sites at the surface of the adsorbent will increase by
increasing the amount of the adsorbent. The effect of adsorbent dosage gives an idea
of the ability of dye adsorption to be adsorbed with the smallest amount of adsorbent,

to recognize the capability of a dye from an economical point of view [280].

4. Kinetics study

4.1. The adsorption mechanism of a dye

Knowledge of the adsorption kinetics is of considerable practical interest in
the optimal use of an adsorbent during an industrial operation, and in the knowledge
of the factors to be optimized to manufacture or improve an adsorbent leading to the
kinetics of the adsorbent fastest possible.

From a kinetic point of view, adsorbents can be divided into two categories[284]:
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— homogeneous adsorbents whose porous structure is homogeneous over the entire
scale of grain, for example, Silica gels, activated aluminas, and most activated
carbons

— heterogeneous adsorbents with double porosity (micro and macropores) resulting
from the accumulation of crystals or microparticles, for example, zeolites and

carbonaceous molecular sieves.

The transfer of material takes place from the fluid phase to the active sites of the
adsorbent, after the transfer of material from the solution to the boundary layer
surrounding the particle in the agglomerated and dispersed adsorbents having a
double porosity [284] structure through the following four steps (Figure 11.2) [285]:

Adsorption Process Adsorption Mechanism
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Figure 11.2: Mechanism and process of adsorption for the elimination of dye [286].
a- External mass transfer (external diffusion): the molecules must cross the
boundary layers (film) around the grains of the adsorbent to arrive at the surface of
the latter; which corresponds to the transfer of the solute (a dye) from the breast of the
solution to the outer surface of the particles. The transfer of the external material
depends on the hydrodynamic conditions of the flow of a fluid in an adsorbent bed..

b- Internal mass transfer in the pores (internal diffusion): these transfers generally
occur in the fluid phase filling the pores. fluid particles penetrate inside the pores
macropores and mesopores formed between the crystallites or the microparticles of
the adsorbent from the surface of the grains towards the center.

c- Microporous internal material transfers: adsorbed molecules diffuse through

networks of micropores with an activated process mechanism (jumping of adsorbed
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molecules between adsorption active sites) and this corresponds to the attachment of
the particles to the surface of the pores.

d- Intrinsic adsorption kinetics: the molecules adsorb on the surface with a finite
speed [287].

4.2. Modeling ofKinetic study

Kinetic study of adsorption illustrates how the uptake rate of solute controls
the time of residence of the adsorbate at the interface of solution. This rate becomes
significant when the adsorption system is designed and calculated from the kinetic
study [288, 289]. So, to investigate the efficiency of the sorbent and to study the
controlling component of the sorption, pseudo first and second order kinetics models.

4.2.1. Pseudo-First-Order Kinetics

The pseudo-first-order model, proposed by Lagergren in 1898, is based on a
linear relationship between the amount of solute (adsorbate) attached to the surface of
the material (adsorbent) and time. This model has been widely used by many authors
to describe the adsorption of organic and inorganic solutes on heterogeneous solid
surfaces. However, it is often not suitable for the entire range of contact times in
elimination kinetics studies and is generally applicable only at the initial stages of
adsorption, typically within the first 20 or 30 minutes [290]. Beyond that, the
experimental data may not be accurately extrapolated using this model. The pseudo-

first-order model can be linearized using the following expression [291-293].

dq,

- K,(q.—q,) (UI1.1)

In(q.—q,) = Inq. — K.t (11.2)
Where:
g the quantity of adsorbate adsorbed at time t (mg.g-1). ge: the quantity of adsorbate
adsorbed at equilibrium (mg.g-1). ki: the rate constant of the pseudo-first-order
adsorption model (min-1). t: time (min)[294]. A linear plot of In(ge - qt) versus t
indicates that the pseudo-first-order kinetic model is applicable to the adsorption

process.
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4.2.2. Pseudo-Second-Order Kinetics

The pseudo-second-order model assumes that the adsorption capacity is
directly proportional to the number of active sites occupied by the adsorbate. This
model is expressed by equation (I1. 4 ), and its linearity was developed by [295]. It
accurately describes the adsorption of solute molecules on the solid surface of the
material. Analysis of kinetic data indicates that an irreversible second-order model
yields higher-quality results compared to lower-order models [290]. The linearization
of the equation ( 1. 4 ) leads to the equation ( Il. 3 ). The linear equation allows for
the determination of ge (mg.g-1) and ko (g.min-1.mg-1) from the slope and the y-

intercept of the line qi = F(t)[296].
t

dq
d—tt = K,(q.— q,)*> (I1.3)

t 1

(I1.4)

With: kzis the pseudo second order kinetic constant (g.mg-1min-1); g:: the adsorption
capacity at time t (mg.g-1); ge: the adsorption capacity at equilibrium (mg.g-1), and t:
the time (min)[297].

5. Adsorption isotherms

Generally speaking, all adsorbent/adsorbate systems do not behave in the same
way. Adsorption phenomena are often approached by their isothermal behavior. This
adsorption isotherm is a curve that represents the relationship between gquantity
adsorbed Qe (mg/g) per unit mass and the concentration Ce (mg/L) of the solute in the
solution at equilibrium Qe = f (Ce¢) Such curves are obtained in the laboratory at a
constant temperature [47].

The adsorption capacity was calculated using the following relation ( 11. 5) [47]:

Qe _ <(CO - Ce) XV

m

> (I1.5)

Where: Qe is the amount of adsorbed at equilibrium (mg/g), V is the volume of the
solution (L), Co and Ce are the initial and equilibrium dye concentrations (mg/L),

respectively, and m is the amount of the adsorbent (g).
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The adsorbed quantities can also be estimated by R %, which is the removal
percentage defined by the following equation (I1. 6 ) [100]:

R (%) =(C°C;Ce)x1oo (I11.6)
0

5.1. Classification of adsorption isotherms

Several authors, including Gilles and Coll, have proposed a classification of
sorption isotherms based on their shape and their initial slope [298, 299]. The shape of
the isothermal curve varies according to the adsorbate—adsorbent couple studied [285,
300], the review by [301] presents a more or less detailed summary of this
classification. Among the forms of isotherms, these authors distinguish (Figure 11.3):

v Type “H” isotherms: called “high affinity” isotherms, is a special case of the
“L” shape. This case is distinguished from the others because the solute
sometimes shows such a high affinity for the solid, where the initial slope is
very high that the initial slope cannot be distinguished from infinity, even
though it does not make sense from a thermodynamic point of view.

v Type “L” isotherms: called “Langmuir”, would rather correspond to low
concentrations of solute in water. The isotherm is convex in shape, which
suggests a progressive saturation of the solid. When Ce tends to zero, the slope
of the isotherm is constant. This model indicates flat adsorption of bi-
functional molecules.

v’ Type "S" isotherms: called "sigmoidal”, has a revealing inflection point, this
type of isotherm is always the result of at least two opposing adsorption
mechanisms. This is the case, for example, when the first layer of solute is
first adsorbed and then when the adsorption of one or more additional layers
becomes favored.

v' Type “C” isotherms: known as “constant partition”, is a straight line passing
through zero which means that the qe/Ce ratio (called distribution coefficient
Kd) is constant[282].
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The "L" and "H" forms are the most observed, especially in the case of the adsorption

of organic compounds in an aqueous solution on activated carbons.

(a) The ‘C" _isotherm (b} The “L"” isotherm
Q

with strict plateau

N

i

without strict plateau

C = C
{c} The “H" isotherm (d) The “S" isotherm
Q Q
point of inflection
- C - C

Figure 11.3: Types of isothermes [301].

5.2. Modeling of adsorption isotherms

The most frequently used models in the literature to describe solid-liquid
adsorption are the two-parameter models (Freundlich, Langmuir, Dubinin-
Radushkevich and Temkin, Elovich).

5.2.1. Langmuir Isotherm:

The best-known model for representing adsorption phenomena in the aqueous
phase is the one developed by Langmuir [302]. The Langmuir model is based on two
key assumptions: firstly, that the number of adsorption sites on the material's surface
is fixed and each site can only adsorb one molecule; secondly, that the surface is
uniform and there are no interactions between adsorbed molecules, which allows for
constant adsorption energy. The linear form of the Langmuir isotherm can be
expressed using the following relationship ( 11. 7)) [302-304]:

_ Qmax KLCe
Qe = S TKLce

Where Qe (mg/g) is the adsorbed amount of the solute at equilibrium, Qmax is the

(I1.7)

maximum adsorption capacity are expressed in (mg/g), Ce is the solute concentration
at equilibrium of the adsorbate (mg/L), and KL is Langmuir equilibrium constant is

expressed in (L/mg). The linear form of Langmuir equationis ( 11. 8 ):
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Ce _ 1 4 Ce
Qe KLQmax Qmax

If the equation of Langmuir is checked, we must obtain while placing our

(I1.8)

experimental points in Ce/Qe= f (Ce), a line whose slope and ordinate in the beginning
enable us to determine Qmax and KL. The essential characteristic of Langmuir
isotherm can be expressed by the dimensionless constant called equilibrium parameter
RL, defined by:

Ro=——7+— (I
L7 1+KLC, (I1.9)

Note that some authors define the Ry ratio ( 1. 9 ) as a quantity without a unit.
According to the value of R, we can say that [305]:

- the isotherm is irreversible:R.=0.

- the isotherm is favorable: 0< R < 1.

the isotherm is linear: R =1.

the isotherm is unfavorable: R >1.

5.2.2. Freundlich Isotherm

The Freundlich model was established by Freundlich in 1926 as a very
satisfactory isotherm that can be successfully applied to the adsorption of gases but
has mainly been used for adsorption in dilute solutions [306]. He found that the
mechanism of this process is quite complex, as the adsorption isotherm of Freundlich
occurs on a heterogeneous surface through a multilayer mechanism of adsorption,
which results in variable heat of adsorption [307]. Additionally, he observed that the
adsorbed quantity increases with the concentration. The mathematical expression of
the Freundlich isotherm equation is written as follows:

Qe =K Ce/* (I11.10)
Where Kr (L/mg) is Freundlich constant and n is the heterogeneity factor. The Kg
value is related to the adsorption capacity; while the 1/n value is related to the
adsorption intensity. 1/n values indicate the type of isotherm to be irreversible (1/n =
0), favorable (0 < 1/n < 1), an unfavorable (1/n > 1) can be rearranged to linear form
[307]:

1
Log Qe =Log K ¢ +;Log Ce (I1.11)
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5.2.3. Temkin Isotherm

Temkin adsorption isotherm discusses interaction of sorbent and sorbate, and
the model is based on assumption that heat of adsorption will not remain constant.
Temkin model is assumes that the decay of adsorption heat with recovery rate is linear
rather than logarithmic (as in Freundlich's equation) . It decreases due to interaction
between sorbent and sorbate during adsorption phenomenon [31]. Temkin's isotherm
model is usually applied in the following form:

Qe =¥ln(a€e) (I1.12)

Qe=Blna+BlnCe (I1.13)
Where: B = R—bT
R the perfect gas constant: 8.314 J. mol-1. K-1. In addition, T is the absolute
temperature (K) and the constant B is related to the heat of adsorption [308].
a And b are characteristic constants of the adsorbate/adsorbent system By setting (ge)
as a function of (InCe) we obtain a straight line with slope B and ordinate at the origin

B In a, this allows the determination of the two Temkin parameters, a and b[309].

6. Thermodynamics of adsorption

The concept of thermodynamics supposes that in an isolated system where
energy cannot be gained or lost. The adsorption phenomenon is always accompanied
by a thermal process, either exothermic or endothermic due to the transfer of the unit

of the body dissolved starting from the solution to the solid-liquid interface [310].

The measurement of the heat of adsorption is the main criterion that makes it

possible to differentiate Chemisorption from physisorption.

The thermodynamic parameters which must be considered to determine the process
are changes in the standard enthalpy (AH°), the standard entropy (AS°), and free
standard energy (AG°) The thermodynamic parameters values were calculated by

using the equation of Van't Hoff [311]:

AS

AH
and :?_ﬁ (1114)
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e
K, = % (11.15)

Where Kq: is the distribution thermodynamic constant; Qe : quantity adsorbed on the
solid with balance (mg/g ), and Ce : concentration with balance (mg/L ).

R: is the molar gas constant (R = 8.314 J/mol .K'), T: absolute temperature of solution

(K).

AG®: standard Gibb’s free energy (J/mol); AH®: standard enthalpy change (J/mol) and
AS°: standard entropy change (J/mol/K)

AH°® is used to explain the endothermic or exothermic adsorption nature[312, 313].
Positive A4H° values above 40 kJ/mol implies chemisorption involving strong
electrostatic coordination of metal ions by the active sites[314]. The negative AG®°
values at different temperatures are an indication of a favorability and spontaneity of
adsorption process [315-317].

The 4S° provides information about the disorderliness of an adsorbent surface during
adsorbent-adsorbate interactions [277] . AH® and AS° are determined by plotting a
graph of Inkd versusl/T .4G° can be calculated below by using the relation (Il. 16
and II. 17):

AG = —RT InK, (I1.16)

AG = AH —TAS (11.17)
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Introduction

Cellulose, the most abundant natural polymer on earth, [4]. Cellulose
nanocrystals (CNCs) prepared by hydrolysis of cellulose in an acidic medium are
typically, depending on the biomass source, with high crystalline content with
diameters varying from 1-100 nm and lengths of several hundreds nm [5]. In the past
twenty years, CNCs have attracted great interest because of their renewable nature,
biodegradability, low toxicity, low density16, biocompatibility, high specific surface
area, high elastic modulus,high crystallinity, and high mechanical strength,
availability and reproducibilityl8 and high aspect ratio [6]. Besides the application of
unmodified cellulose products, cellulose can be converted into regenerated cellulosic
materials, which have been widely applied in many fields [318, 319].

Zinc oxide (ZnO) is a versatile inorganic metal oxide, which is considered as a
GRAS substance (i.e. “Generally Recognized as Safe”) by the U.S. Food and Drug
Administration [18].

ZnO nanoparticles are widely used in many [17]. However,ZnO nanoparticles
have the tendency to aggregate in solution due to their large specific surface area and
high surface energy, the catalytic ability of NPs is directly related to the surface area
of the catalyst, so this aggregation process will reduce the catalytic activity. To
overcome this drawback and improve the dispersibility of ZnO nanoparticles, one of
the most effective methods is adding surfactants or polymeric ligands into the system,
scientists are very interested in synthesizing ZnO NPs on the basis of another
material, acting as a carrier to improve the dispersion of ZnO NPs at the nanometer
level.. Sustainable cellulose and nanocellulose in particular, with abundant hydroxyls
groups become a few of the preferred carriers for hybrid materials[20, 320].
Nanocellulose could even self-assemble to form 3D network structure to inhibit the
agglomeration of ZnO nanoparticles further. The nanocellulose-ZnO hybrids have a
wide range of applications in photocatalysis, antibacterial and reinforcing fillers [21].

This chapter, aims to present a simple protocol for the synthesis of the
organic/inorganic nanocomposite. In this work we used two different methods for
synthesis of the biocomposite cellulose/Zinc oxide nanoparticles (CNC/ZnO NPs)
from peanut shells and pea shells. As well as in this chapter, for confirm the synthesis
and the nature of the final products obtained of cellulose/zinc oxide nanoparticles and

study their properties, were analyzed using standard techniques such as, Fourier
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transform infrared (FTIR), X-ray diffraction (XRD ), UV-visible (UV-Vis), scanning
electron microscopy (SEM), and energy dispersive X-ray analysis (EDX). Meanwhile,
this synthesis by two different methods aims to obtain the optimal conditions for
CNC/ZnO NPs synthesis to use in many applications and novel fields.

Functionalized cellulose (Cs) and cellulose/zinc oxide nanocomposite
(CNC/ZnO NPs) has been used as adsorbents for removing MB dye from aqueous
solution by adsorption technique. We studied the effects of various parameters
influencing the adsorption capacity, that affect the adsorption process in wastewater
treatment such as adsorbent dose, initial dye concentration, contact time, initial pH
dye solution, and temperature under the aspects of thermodynamic study, adsorption
isotherms, and adsorption Kkinetics.

1. Materials and methods

This work was carried out at the level of the Laboratory ofValorization and
Promotion of Saharan Resources (VPRS), Kasdi Merbah University in Quargla,
Algeria and the pedagogical laboratories in the Department of Chemistry, Faculty of
Exact Sciences, University of Echahid Hamma Lakhdar EI-Oued, Algeria.

1.1. Plant waste collection (peanut shells and pea shells)

Peanut and pea shells were gathered from a local farm in Bagouza, Taghzout,
20 kilometers from the provincial capital, EI Oued. The shells were collected on the
2020. Additional information about the collection of peanut and pea are shown in
Table I11.1 and Figure 111.1.

Table I11. 1:Information about the collection of peanut and pea shells.

Geographicalcoordi ~ Altitude  Bjoclimatic

SiteName Collectiondate
Bagouza Latitude:33°, 49N
El-Oued, . .
. Taghzout Longitude: 06°, 72E 68 Arid 03/2020
Algeria
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Q Bagouza, Taghzout, Guemar, El-Oued, Algeria.

Figure 111. 1:Geographic map showing the collection Bagouza Taghazout El-Oued

area.

1.2. Preparation of the plant waste (drying, grinding, and preservation

technology)

To obtain cellulose and determine the percentage of its presence in each of the
peanut shells and pea shells, once the fruits are harvested and the husks are separated
for the 2020 season. we have collected samples, where the peanut shells were dry,
while the pea shells were still soft. Then, An operation of dusting and washing the
leaves of the plants with distilled water, then they are spread on aluminum foil and
left to dry at room temperature for a few days and dried away from sunlight and
ventilated in the open air at room temperature for several days. After it is completely
dry, the cutting of the leaves of the plants was carried out using a pair of scissors in
the form of fragments of approximately 5-10 mm in length. We put the dried and
chopped leaves in an electric grinder to grind to the finest possible particle size and
sieve it with a porous manual sieve to obtain a sample in the form of fine fibers and of
equal size so that all molecules are chemically treated to the same degree. After
drying and grinding, the powder has been kept in tightly closed boxes in order to
basically keep its color, taste and properties. The box was carefully stored in a dry

place until powder analysis [321, 322] (Figure 111.2).
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Figure I11. 2:Pictures of the raw material of peanut and pea shells.

1.3. Chemical products used

All the chemicals used in this work are stored away from light and in an inert
atmosphere. The origin and purity of the reagents used in this work are described in
Table I11. 2.

Table I11. 2:Chemical products used in this work.

Chemical products, Chemical N°CAS Purity M(g/mol)
Reagents and solvents formula [Reg.Num] (%) g
Hydroxydede sodium NaOH 215-185-5 97 40 BIOCHEM
Hydrochloric acid HCI 7647-01-0 37 36.46 BIOCHEM
Sodium Chlorite NaClO, 7758-19-2 80 90.44 /
Acide sulfurique H,SO, 7664-93-9 96 98.08 BIOCHEM
SIGMA-
Urea CH4N20 57-13-6 99-101 60.06 ALDRICH
Zinc Acetate Zn(NO3), 5970-45-6 99.7 219.5 BIOCHEM
. . SIGMA-
Zinc Chloride ZnCl; 7646-85-7 98 -100.5 136.30 ALDRICH
. . SIGMA-
Zinc Nitrate Zn(NO3)2.6H.0  10196-18-6 98 297.49 ALDRICH
Dimethyl sulfoxide SIGMA-
(DMSO) (CHs)2SO 67-68-5 99.9 78.13 ALDRICH
(dimethylamino)-3,7
phenazathionium chloride ~ Ci6H1sN3SCI 61-73-4 96-101 319.85 BIOCHEM
Methyl Bleu (MB)
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2. Synthesis of cellulose zinc oxide nanoparticules (CNC/ZnO

NPs)
2.1.1. Isolation of Cellulose (Cs)

For extraction the cellulose and cellulose nanocrystals, we go through several

successive stages:

a- Elimination of soluble matter in hot water:

We soaked a weight of 300 g of each sample in distilled water at a temperature
of 100 °C by 10% of the dry matter under stirring for 10 minutes, after which each
sample was filtered separately and we spread it on aluminum foil and put it in an oven
at a temperature not exceeding 70 °C until it is completely dry, as shown in the
following Figure I11. 3(A).

b- Acid treatment with hydrochloric acid (HCI):

The dry matter from the first step is put in Arléne Mayer and an acid chlorine
solution is added to it at a concentration of 1M in a ratio (solid / liquid) (mg / ml)
(1/80) and left under stirring using a magnetic rod at a temperature of 85 °C for 30
minutes. After the required time has elapsed, we filter the mixture and separate the
solid part from the liquid part. This step is repeated under the same previous
conditions by changing the concentration of the hydrochloric acid solution from 1M
to 0.5M. After completion of the second filtration, the filtrate obtained is dried by
placing it in an electric oven at a temperature not exceeding 70 °C. By acid treatment
of the filtrate, the bacterial sugars are eliminated. as shown in the following Figure
I11. 3(B).

c- Basic treatment with sodium hydroxide (NaOH):

The main role of the soda lye treatment is the elimination of the majority of
hemicelluloses and the lignin stuck to the cellulose fibrils. At this point, both samples
were treated with NaOH solution. We put the dry matter resulting from the acid
treatment process into the flask and add sodium hydroxide solution into the flask with
a solid to liquid ratio (1:2) (g/ml) under stirring using a magnetic rod to facilitate the
stirring process of the mixture and at a temperature of 85 °C for 1 hour. Then we filter

the mixture and completely separate the solid sample from the liquid this sample
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undergoes the same treatment with NaOH solution several times until a filtrate is
obtained with a pale color and the resulting extract is almost transparent to ensure the
elimination of hemicellulose and lignin. After having separated the solid matter by
filtration one last time, and washing the sample with distilled water several times until
a neutral pH (pH=7) after which the solid matter is dried in an oven at a temperature
of 60 °C. as shown in the following Figure I11. 3 (C).

d- Blashing with Sodium hypochlorite(NaClO,):

The sample obtained after basal treatment with NaOH is yellow color, hence
the need to bleach it with NaClO; at a concentration of 2% [323] in order to eliminate
the lignin residue and obtain pure cellulose as shown in the following Figure 111.3
(D).

This step was carried out by placing the dry matter from the basic treatment in
an erlyn mayer and then adding a NaClO> solution in a solid/liquid ratio (1:6) (g/ml)
in addition to drops of acetic acid to obtain the pH = 5. The mixture is stirred at a
temperature of 85 °C for one hour (1h) after the necessary time has elapsed, the
sample is filtered and this step is repeated with a solution of NaClO2 solution until a
white filter is obtained, then the filter obtained is washed several times with distilled
water using a centrifuge (speed = 5000 rpm, t = 15 min and T = 25 °C) to ensure the
complete separation of the solid part from the liquid part and not to lose mass. We
monitor the total disappearance of the chlorine effect in the washing water using a
dilute solution of Silver nitrate AgNOsz. Then, the sample is treated with ultrasound
for 30 minutes at a temperature of 25 °C to eliminate agglomerates and dried in an
oven at a temperature of 60 °C. Finally, the sample is ground to obtain the final

product, which is the pure white cellulose powder

Figure I11. 3:A photos showing the different stages of cellulose extraction
(A: Washing, B: acid treatment, C: basic treatment, and D: bleashing)
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2.1.2. Preparation of Cellulose Nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) was isolated by the acid hydrolysis of obtained
cellulose from peanut husks and pea husks are shown in Figure I11. 4.
19 of cellulose was mixed with 50 ml of sulfuric acid solution (H2SO4) solution with a
concentration 40% in the ratio powder/ solution (20:1) (mg/mL) [324]. The reaction
was carried out using reflux assembly with continuous stirring for 4 hours at room
temperatur. Resultant suspension was diluted 10 times with cold water. The insoluble
part was separated by centrifugation (5,000 rpm; 25 °C, 20 min) to reduce its water
content, washed several times with distilled water at room temperature until a neutral
pH=(7 or 8) and treated with ultrasonic waves (9 kHz) during 20 min and the solid
product obtained dried between 70/50°C.
The size and the morphology of the nanoparticles generally depend on several factors
such as the plant species, the amount of sample used, the concentration of solutions,
the temperature and the reaction time. In this work, we focused on the study of the
effect of the acid concentration (H2SOa), the same previous procedures were used
each time for the cellulose nanocrystals (CNCs) extraction with a change in acid
concentration (40%, 38%, 36%).

Figure I11. 4:A photo showing the assembly of synthesis of cellulose nanocrystals
(CNCs)
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Figure I11. 5:Aschematic representation showing the stagesof CNCs preparation
from plant waste (peanut and pea shells).
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2.1.3. Synthesis of zinc oxide nanoparticles (ZnO NPs)

The zinc oxide (ZnO) nanoparticles were prepared by wet chemical method
using zinc chloride and sodium hydroxide as precursors.

In this experiment, an aqueous solution of ZnCl, (V/C), (100ml / 1 M) was
kept under constant stirring using a magnetic stirrer to completely dissolve the zinc
chloride and an aqueous solution of NaOH (V/ C), (100 ml/ 5 M) was also prepared in
the same way. After complete dissolution of the zinc chloride, an aqueous solution of
5 M NaOH was added under constant stirring at high speed (slowly for 30 min), drop
by drop without touching the walls of the vessel. The reaction was carried out by
rising under reflux with continuous stirring for 2 hours at 80° C after complete
addition of sodium hydroxide. After the completion of the reaction, the solution was
allowed to stand overnight and further, using a needle, the supernatant solution was
discarded carefully. The remaining solution was centrifuged at at 5000 rpm for 10
min, and the precipitate removed. Thus obtained ZnO NPs were washed a few times
using distilled water to eliminate the byproducts which bound to the nanoparticles.
After washing, the nanoparticles were dried in an oven at 80°C for overnight. Finally,
the powder subjected to calcination in a muffle furnace at a temperature of 500°C for
3,5 h in order to eliminate all the organic functions that may be present in the powder
(Na, CL, water, etc.). During drying, Zn(OH )2 is completely converted into ZnO

takes place.

2.1.4. Synthesis of cellulose zinc oxide nanoparticules (CNC/ZnO NPs)

In this work, was used two methods to synthesis the cellulose/ZnO nanoparticules

2.1.4.1. The first method (CNC/ZnO NPs M1 and CNC/ZnO NPs.T1)

In this method, We dissolved the Cellulose nanocrystals by a mixture aqueous
solution as solvent of cellulose (CNCs) was prepared by directly mixing alkali
hydroxide, urea and distilled water. the concentrations were weight percent
(NaOH/Urea) (7%/12%) [325] amount of dried cellulose nanocrystals was immersed
in the solvent and stirred for about 30 min at ambient temperature until to transparent
cellulose solution without any native fibers, the cellulose was considered being
dissolved completely. After that was freezed the mixture to -20°C.

After 17h, was heating and melting the mixture to a temperature of 80°C , a zinc

nitrate solution (50 mM) was added drop-wise (by sol-gel method) to the dissolved
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mixture solution until color change to milky white. The reaction was carried out using
reflux mounting under continuous gentle stirring at 80°C for 4 hours. After that we

stopped the reaction by diluting the mixture and cooling it Figure I11. 6

Figure I11. 6:A photos showing the different synthesis stages of CNC/ZnO NPs for the

first method (A: dissolving, B: added zinc nitrate solution, and C: stirring for 4h)

2.1.4.2. The second method (CNC/ZnO NPs M2 and CNC/ZnO NPs.T2)

For this method, we use nanocellulose as an undissolved solid. In a reflux assembly,
1g of ground CNCs are added with ZnCl, solution (50 ml/0.2 M) is added, the
mixture is left under stirring and heating up to 80° C (almost 30 min).

After 30 minutes, NaOH (50 ml/1M) is lowered drop by drop, then the composition
is connected and left under vigorous and continuous stirring and heating at the same
temperature 80° C for 2 hours. Then, the reaction is stopped and the mixture is cooled
and the precipitate is recovered using a centrifuge .

The white solid product (CNC/ZnO NPs) was collected from the two methods
separately by centrifugation (5000 t/min et 10 min) at room temperature and washed
several times with distilled water until a neutral pH. Then treated with ultrasonic
waves for 30min and dried at 70 °C for complete transformation of the remaining zinc

hydroxide to zinc oxide.

3. Characterization techniques

The following techniques were used for the characterization of Cellulose/Zinc
oxide nanoparticles: UV-Vis, FT-IR, XRD, SEM and EDX.
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3.1. Structural and morphological properties

3.1.1. X-ray diffraction (XRD)

X-rays are electromagnetic waves with wavelengths ranging from 0.01 to 10
°A. This is the most common and widely used non-destructive technique for
determining the properties and structure of crystallized products. Furthermore, X-ray
diffraction provides access to physical information about the crystal, such as its size
and orientation [326].

+ Principle:

This technique is based on the interaction of a sample's crystal structure with
short-wavelength monochromatic radiation.

The monochromatic X-ray beam is directed onto a polycrystalline material and
reaches the crystal lattice planes, where they come into contact with the electronic
clouds of atoms that comprise this plane, in which case the X-ray beam is partially
reflected in the first plane, or they do not encounter any obstacle and can continue to
partially reflect the second plane. These planes are separated by specified distances
that vary depending on the nature of the substance under consideration (grid distance).
The beams' interference would be either constructive or destructive. Bragg's law can
be used to determine the directions in which the interferences are constructive, known
as diffraction peaks [326].

+ Bragg's law:

When a crystalline species is irradiated by X-radiation of wavelength A under
an incidence 0 the radiation is diffracted if Bragg's law is verified, as shown in Figure
11.7.

niA = 2dhklsin (1. 1)
Where: n is an integer representing the order of the reflection.
A: is the wavelength of the X-rays.
d: is the interarticular distance.

0: is the angle of incidence of the X-rays.
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Figure I11. 7:Diagram illustrating the principle of Bragg's law.

In general, the diffractogram is a recording of the diffracted intensity as a
function of the angle 26 formed with the direct beam. The study of the diffractogram
makes it possible to trace a large amount of information on the structural and
microstructural characteristics of the sample such as the crystalline structures,
crystalline size ( D), crystallinity index (Crl), and morphology crystallites.

+ Crystalline size determination (D):

Although many approaches have been described for size determination using
XRD, the Debye-Scherrer equation is the most commonly used for crystalline size
determination [327].

D = kA/BcosO (l11.2)
Where: D is the grain size in nm.
A is the wavelength of the X-ray beam.
0 is the diffraction angle.
B is the width at half height expressed in radians.
As part of our study, X-ray diffraction (XRD) was used, using the Miniflex 600 with
Cu-ko radiation of wavelength = 1.5418. The diffractometer reflections were taken at
room temperature and the 26 value was varied from 10 to 80°.
+ Crystallinity index (Crl):

The crystallinity index (Crl) of cellulose was calculated from the XRD patterns

according to the Segal method [328]:
crl (%) = ((ooz — Tam)/Tooz) X 100 (111.3)
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Where I, Is the maximum (002) lattice diffraction intensity at 20 = 23° and I, IS
the diffraction intensity at 26 = 18°.

3.1.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that allows observation of
the surface morphology of solid material and is a testing process that scans a sample
with an electron beam at high magnifications to produce images magnified high
resolution for analysis and accurately measures very small objects. The method is
used very effectively in microanalysis and failure analysis of solid inorganic
materials, so this technique offers many advantages in morphology and dimensional
analysis.

The morphology of the samples was analyzed using a TESCAN VEGAS3 scanning
electron microscope (SEM). Attached is a chemical element determination system
(EDS).

£ principle:

Scanning electron microscopy is a technique using electron-matter interactions
to observe the surface topography of massive samples. SEM provides images of the
surface of the mode of electron scattering by the sample. These images are formed
mainly using surface electron emissions (secondary electrons and backscattered
electrons). The interaction between the beam of electrons with energy EO (primary
electrons) and the sample generates low-energy electrons called “secondary
electrons”. These are then accelerated towards a detector which has the role of
amplifying the electrical signal received (at each point, the intensity is converted into
an electrical signal). The different particles are analyzed by different detectors which
makes it possible to reconstruct a three-dimensional image of the surface. It uses, in
addition, the other interactions of primary electrons with the sample: the emergence of
backscattered electrons, absorption of primary electrons, as well as the emission of X
photons. Each of these interactions is often significant for the topography, and the
composition of the surface and It gives information on the relationships between the
different structures of the tissue [329].

It is not strictly speaking a conventional microscope in the optical sense of the term:
e There is no formation of an image by an objective lens (as is the case in

optical microscopy and in transmission electron microscopy).
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e Here, the image is formed sequentially by scanning the surface of the sample
with an electron beam and collecting the secondary electrons, i.e. the

backscattered electrons[330].

Electron
source

Anode —. — a ia

Scan generator

Condensor
lenses

Amplifier
X, y scancoils
Objective s
lens
Back-scattered
electron detector
X-ray - ,
detector '.; :4 ' Secondary
% \ il electron detector
LAL \{/

Sample

Figure I11. 8:Schematic Diagram of Scanning Electron Microscope [331].

3.2. Optical properties

3.2.1. UV-visible absorption spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is used to obtain absorbance spectra
of a compound in solution or solid form. What is observed spectroscopically is the
absorbance of light energy or electromagnetic radiation, which excites electrons from
the ground state to the first singlet excited state of the compound or material. The UV-
vis energy region for the electromagnetic spectrum covers 1.5 to 6.2 eV, which
corresponds to a wavelength range of 800 to 200 nm. were studied using visible UV
transmittance  spectroscopy using the Shimadzu 3101PC double beam

spectrophotometer [332].
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+ Principle:

UV-visible absorption spectrometry is based on the transition of valence
electrons that pass from a ground state to an excited state after absorption of a photon
in the UV-visible.

The principle of the UV spectrophotometer follows the Beer-Lambert law.
This law states that each time a beam of monochromatic light passes through a
solution with an absorbing substance, the decreasing rate of the intensity of the
radiation as well as the thickness of the absorbing solution is proportional to the
concentration of the solution and incident radiation. This law is expressed through this
equation [333]:

a=log("o/))=ect (n.4)
Where Io: Intensity of incident light.
I: Intensity of light transmitted by the sample solution.
c: Represents the solute concentration.
[: Represents the length of the sample cell.
€. Represents the molar absorption coefficient.
The ratio (I/Io) is known as the transmittance (T) and the logarithm of the ratio

inverse (Io/I) is known as the absorbance (A). Therefore:

A= -log (1/,0) =—logT = ecl (111. 5)
Where: A =—logT (lll.6)
So: A=1log(1/y) (1. 7)

/7

¢+ Determining optical band gap (optical energy bands) (EQ) :

The theory of optical energy bands (Figure VI. 9) estimated (Eg) can be determined
by extrapolation from the absorption edge which is given using the Tauc relation
[334]:

(ahv) = A(hv — Eg°PH)" (H11.8)
Where o is the absorption coefficient, A is constant, 4v is the energy of light and n is
a constant depending on the nature of the electronic transition, Egert is the optical
band gap energy, and the exponent n=1/2 for the direct allowed transition, while n=2

for the indirect allowed transition.
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We obtained the energy gap from the intersection of the edge of the absorption linear
part with the energy axis.

E E

Conduction band

Conduction band

: : ho d
Valence Valence
band band
3 k - k
0 0
a) Direct band gap b) Indirect band gap

Figure I11. 9:Transition electronics in the case of a semiconductor (a) to an indirect

gap and (b) to a direct gap.

3.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy allows the rapid and simple analysis of both organic and
inorganic compounds. It is a technique that can obtain information about the different
functional groups from the peak positions in the spectrum and information about the
identification and stabilization of nanoparticles can also be inferred from this analysis.
absorption of infrared radiation by the analyzed material, it allows, via the detection
of the characteristic vibrations of the chemical bonds, the analysis of the chemical
functions present in the material. During the analyses, we generally place ourselves in
the mid-infrared between 4000 and 400 cm™[335]. It is done by depositing a layer of
the product to be analyzed in contact with a crystal with a high refractive index and is
based on the existence of an evanescent wave that propagates in a region very close to
the surface of the crystal. Our samples being a powder, the required contact between
the ATR crystal and the sample is obtained so that it is necessary to add additional
pressure [335].

+ Principle:

The principle of FTIR is based on the absorption of single or double-beam

infrared radiation by the sample to be analyzed. It allows via the detection of the
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characteristic vibration frequencies of the chemical bonds, to carry out the analysis of
the chemical functions present in the material.

The infrared beam is directed towards the Michelson interferometer which will
modulate each wavelength of the beam at a different frequency. In the latter, the
incident light beam is split into two by a splitter. These two parts will be reflected on
mirrors, one of which is fixed and the other mobile. When the two beams recombine,
destructive or constructive interferences appear depending on the position of the
mobile mirror. The modulated beam is then reflected from the two mirrors towards
the sample, where absorptions occur. The beam then arrives at the detector to be
transformed into an electrical signal [336].

4. Study of removal of BM dye by adsorption on Cs and CNC/ZnO
NPs

The researchers shifted towards natural biopolymers and waste materials as
economical alternative adsorbents[337]. Various types of adsorbents such as chitosan,
cellulose, cotton, fly ash, clay, biomass, and sludge were applied in the adsorption

process for removals of dyes [338-344].

In this work, functionalized cellulose (Cs) and cellulose/zinc oxide nanocomposite
(CNC/ZnO NPs) derived from peanut and pea shells, an abundant, inexpensive and
unexploited plant material, has been used as adsorbents for removing MB dye from
aqueous solution by adsorption technique.

We studied the effects of various parameters influencing the adsorption capacity, that
affect the adsorption process in wastewater treatment such as adsorbent dose, initial
dye concentration, contact time, initial pH dye solution, and temperature under the
aspects of thermodynamic study, adsorption isotherms, and adsorption kinetics. When
an adsorption process reaches equilibrium, it means the active sites of the adsorbent
are saturated with adsorbate molecules and no further adsorption can take place.

After a specific time, the samples were withdrawn and centrifuged, and the
concentration of dyes in liquid phase was determined with UV visible
spectrophotometer at 663 nm. To calculate the amount of adsorption capacity at

equilibrium (Qe mg/g) was calculated using Equation (I1.5) and the adsorption
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efficiency removal of dyes (R%) was evaluated using Equation (11.6), and
adsorption isotherms were determined.

5. Evaluation the antimicrobial activities of CNCs and CNC
/ZnO NPs

Globally, bacteria, yeast, and molds are the common types of microorganisms
pathogenic and responsible for the spoilage of a considerable number of food products
[345]. Foodborne disease is another pervasive food safety problem caused by the
consumption of contaminated food products, which has been a significant safety
concern to public health [346, 347].

Microorganisms are available naturally in the surrounding environment [348].
These microorganisms can survive under adverse conditions used in food preservation
such as low temperature, modified atmosphere packaging, and vacuum packaging, as
well as resist conventional pasteurization [349-352]. Therefore, new eco-friendly
methodologies are required to reduce the growth of pathogenic bacteria and prolong
the shelf-life of food products, without using chemical preservatives.

This work aims to evaluate the antimicrobial activities of the nanocomposite
synthesis CNC/ZnO NPs by two methods from peanut shells and pea shells, on some
pathogenic bacteria and fungi. Agar well diffusion method has been used to determine
the antimicrobial activities against Gram-positive bacteria (Staphylococcus aureus),
Gram-negative bacteria (Escherichia coli and Klebsiella pneumonia), and one fungus
(Candida albicans).

5.1. Biological material

For investigated the antibacterial activity of the nanocomposites CNC/ZnO
NPs, We used one reference yeast strain Candida albicans ATCC 10231 and three
strains of bacteria including one Gram-positive namely Staphylococcus aureus
ATCC 25923, and two Gram-negative strains, namely Escherichia coli ATCC 25922
and Klebsiella pneumoniaATCC 70603. The bacterial strains obtained from ElI-
Medjed Laboratory, EI-Oued, Algeria. The antibiotic Lévofloxacine was used as a
positive control were used for evaluating antimicrobial activity, were chosen based on

their clinical and pharmacological importance[353].
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5.2. Preparation of bacterial culture suspension (inocula)

Before carrying out the antibacterial tests, two consecutive subcultures are
carried out for each strain first, for bacteria the strains are revived in a nutrient broth
(BN), and incubated at 37°C for 24 hours, second subculture is carried out on solid
medium (nutrient agar) is inoculated in streaks on a box containing the nutrient agar
medium (GN). The bacterial strains are inoculated into the Mueller-Hinton sterile
(M.H) agar plates and incubated at 37°C for 24 hours. The bacterial strains were
stored at 4°C in the nutrient agar slant to have bacterial cells in their exponential
phase of growth. (fasting culture).

Whereas the Candida albicans strain is revived in a nutrient broth and
incubated at 30° C. for 24 hours then cultured on a petrie dish containing Sabouraud
dextrose agar. It is then incubated at 30°C for 72 hours and stored at 4°C.

According to the [354], from a few well-isolated and perfectly identical colonies were
taken from the bacterial and fungique cultures, then they put and dispersed in volum
of 10 ml saline solution (NaCl 0.9%) from physiological water and well

homogenized to have the dilution 102,

5.3. Preparation of synthetic compounds for microbiological assay

A stock solution of 20mg of each synthesized compounds from peanut shells
and pea shells (CNCs and CNC/ZnO NPs) dissolved in 1 mL of dimethyl sulfoxide
(DMSO) as solvent was prepared (knowing that the samples are insoluble substances,
so the solubility in the solvent was very low).The study of the antibacterial and
antifungal activities against the reference strains is carried out by different and
complementary techniques. In this work we have used the well diffusion method (

WD ) on agar.

+ Agar welldiffusion method

Agar well diffusion method is widely used to evaluate the antimicrobial
activity of plants or microbial extracts [355, 356]. This experiment was carried out

according to the method described by [357-360] with a slight modification.
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a) Seeding

The seeding is carried out according to the technique of [354], Similarly to the
procedure used in disk-diffusion method well diffusion method (WD) is a diffusion
method similar to disc diffusion.

Mueller-Hinton agar (MHA) was heated to 55°C, then, aseptically poured the
super cooled M.H agar culture medium into Petri dishes at a rate of 15 to 20 ml per
dish (4mm thick) the dishes are dried at room temperature on the bench (Figure I11.
10). A volume of the bacterial inoculum was uniformly spread using sterile cotton
swab on over the entire a sterile Petri dish MH agar (Figure I11. 11). Then, a hole
with a diameter of 6 mm ( 20 mm apart from one another) is punched aseptically with
a sterile cork borer or a tip. Then, the dispersed a volume 50 pL solution of samples
of CNCs and CNC/ZnO NPs (from peanut and pea shells) were poured at 20mg/L
concentration is introduced into the well. Then, agar plates are incubated under
suitable conditions depending upon the test microorganism. Also were used DMSO as
negative control in order to check the growth of the different strains; and in parallel,
the antibiotic Lévofloxacine was used as a positive control. Finally, the plates were
incubated at 37°C for 24 hours under aerobic conditions. The experiment is repeated
three times for each HE and for each bacterial species.

b) Reading

To highlight the presence or absence of the effect of antibiotics on the strains
tested and the sensitivities of the microorganism species to the samples. The
antimicrobial agent diffuses in the agar medium and inhibits the growth of the
microbial strain tested (Figure I11. 12), the reading is done by measuring the diameter
of the zone of inhibition around the well (including the diameter of well) using a
caliper or a ruler in (mm) after 24 hours of in incubation at 37°C [361].

The results are expressed by the diameter of the zone of inhibition or in the form of
mean + mean standard deviation and values <6 mm were considered as not active

against microorganisms
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Figure I11. 10:The preparation of Mueller-Hinton agar of the agar well diffusion
method.
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Figure 111. 11:Diffusion and expansion the bacterial inoculumon over Mueller-

Hinton agar the entire into Petri dishes.
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Escherichia coli ATCC 25922

Figure 111. 12:Measurement of the diameter of the inhibition zone for the well
diffusion method.
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1. Characterization of CNC/ZnO NPs:

The chemical compositions of the bleached pulps were determined using the
known standard methods (Browning, 1967) for calculeted the cellulose extraction

percentage in all the steps and were as follows in Table 1V.1.

Table IV. 1: The cellulose extraction percentage from peanut and pea shells after all

the different steps.

Hot
(%) Water HCI NaOH NaClO,  Cellulose (Cs)
Peanut shells 2.21 14.50 30.87 20.61 31.81
Pea shells 494 8.86 40.5 16.89 28.81

1.1. X-ray diffraction (XRD)

Figure IV. 1 and Figure 1V. 2 show the X-ray diffraction pattern of the
cellulose (Cs), cellulose nanocrystal (CNCs), and cellulose/zinc oxide
nanoparticles (CNC/ZnO NPs) samples, prepared from peanut shells and pea

shells along with that of the crude samples.
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Figure 1V. 1: X ray diffraction patterns of all the samples extracted from peanut

shells (a-b) for CNCs and (c) for CNC/ZnO NPs.

As shown in Figure IV. 1(a-b), the monoclinic structure of all samples of the

Cs and CNCs extracted from peanut shells have a typical crystal lattice for cellulose

(Nelson & O’Connor,

1964), are determined through the diffraction peaks

corresponding to the surface lattice planes (101), (002), and (040) are observed at 26
values = (15.89°, 22.53°, 34.95° ) of the Cs and CNCs [362-365].
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Figure 1V. 2: X ray diffraction patterns of all the samples extracted from pea shells
(a-b) for CNCs and (c) for CNC/ZnO NPs.

Figure 1V. 2(a-b) shows The results shown the XRD data of the crude sample
Cs and CNCs extracted from pea shells, where we notice the emergence of crystalline
peaks at 20 = (16.87°, 22.85, 35.04° ) and 26 = (17.05°, 22.85°, 34.93° ) of the Cs and
CNCs, respectively. They express the crystalline levels of each (110), (200), and
(004) of the series and are the characteristics of the typical cellulose structure of cello-
cello[366, 367]. The initial network-level peak (110) indicates the presence of
amorphous components of Cs and CNCs [57-60]. We can be seen that the main sharp
crystalline peaks for CNCs formed at about 20 = 22° of the (002) lattice plane [368-
371]. The peak appears at 20 = 34° of the (004) lattice plane, which is due to the
amorphous part of cellulose and CNCs [76, 362, 365, 372].

This result combined with standard XRD data (COD ID 4114994) [221] shows
that cellulose exists in the allotropic form of cellulose I [373]. Cellulose has a
structure consisting of two regions arranged alternately, the crystalline region has a
structure orderly, rigid, and loosely structured amorphous regions.

The hydrolysis process to create CNCs with HCI and H.SO4 does not change
the crystal structure of cellulose, but only helps to cut off the amorphous regions and
retain the crystalline regions. The highest density of CNCs was in the samples treated
with 40% for H2SOs4 solution concentration, where we find that the increase in the

intensity value of all other peaks is small between the radiations of the Cs and CNCs
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in both samples. This observation indicated that the first cellulose structure after
alkaline treatment and bleaching using chlorine water and the acid hydrolysis
treatment, in particular, gave it a nanocrystalline structure since the first stage of
cellulose extraction as the second acid hydrolysis treatment to obtain CNCs did not
change the position and intensity of these peaks [374].

Figure IV. 1(c) and Figure IV. 2(c) show the XRD pattern of CNC/ZnO NPs
samples synthesized from CNCs with ZnO NPs from peanut shells and pea shells
which were synthesized by two different methods. The diffraction peaks are 20 = (
31.8°, 34.47°, 36.29°, 47.59°, 56.64°, 62.92°, 66.45°, 68.02°, and 69.16°) and 26 = (
31.74°, 34.43°, 36.24°, 47.53°, 56.51°, 62.84°, 66.32°, 67.84°, and 69.04°)
corresponding to ( 100), (002), (101), (102), (110), (103), (200), (112), (201) crystal
planes from (CNC/ZnO NPs.M1; CNC/ZnO NPs.M2) synthesized from CNCs of
peanut shells and (CNC/ZnO NPs.P1; CNC/ZnO NPs.P2) synthesized from CNCs of
pea shells, respectively. All diffraction positions and relative intensity peaks are
correctly set using JCPDS file card 0361451 and are a good fit to the hexagonal ZnO
wurtzite structure in previously reported work [369].

This result is similar to previously published results [375, 376] and is
consistent with the wurtzite hexagonal lattice of ZnO, indicating that ZnO NPs have
been successfully synthesized on CNCs. In addition, the high-intensity diffraction
peaks show that the synthesized ZnO has a good crystalline structure and also indicate
that the presence of ZnO NPs crystals does not change the crystal structure of CNCs.
Table V. 2: Crystallization Index (Crl) and Crystal Size (CrS) of all sample from

peanut shells and pea shells:

CNCs CNCs CNCs CNC/ZnO NPs CNC/ZnO NPs

Samples (36%)  (38%)  (40%) (M1-T1) (M2-T2)
| Peanut Crl(%)  72.52 69.714  68.757  77.957 / 7
shells. Crs(m) 921 11.82 11.90 8.88 20.14 2731
Pea  Crl(%)  69.82 / / 73.381 78.38 72.27
shells ~CrS(nm)  12.29 / / 12.28 19.64 19.99
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Also, from XRD diffractograms we determined the crystallinity index (Crl)
and crystal average size (CrS). The calculated Crl and CrS of the different samples
from peanut shells and pea shells.

All CNCs samples had similar Crl values with slightly lower values for Cs.
Generally, the second acid treatment (H2SO4 solution) with different concentrations of
CH2S04 = 36%, 38%, and 40% from the peanut shells samples, this treatment had an
effect on the Crl of the prepared CNCs. According to Table 1V. 2, the Crl ratio values
for the (Cs and CNCs) are (72.52 %, 77.95% ) and ( 69.82 %, and 73.38% ) of the
peanut shells and pea shells, respectively.

the acid treatment does not change the crystal structure of cellulose but only
helps to cut off the amorphous regions and retain the crystalline regions. Therefore,
the crystal content Crl [377], calculated by the Segal formula according to Equation (
I11. 3) of the CNCs samples is higher than that of Cs and the higher value of Crl for
the CNCs after acid treatment with concentration Chzsos = 40% from the peanut shells
samples regardless of the kind of source used pea shells or peanut shells.

The reason for this is due to the reduction of cellulose chains after the removal
of amorphous components such as hemicellulose, pectin, lignin, and impurities in the
fibers, and the reduction of hydrophobicity after treatment [368, 378]. Therefore, the
concentration of H»SOs solution is 40% was approved for the preparation of
CNC/ZnO NPs.

In this study, the mean crystal sizes (CrS) of Cs, CNCs, and CNC/ZnO NPs
structures synthesized by two different methods were calculated from the XRD data
using the Debye-Scherrer formula according to Equation (111 2)

The CrS of Cs, CNCs, CNC/ZnO NPs.M1, and CNC/ZnO NPs.M2 varied
from peanut shells were 9.21 nm, 8.88 nm, 20.14 nm, and 27.31 nm, respectively. The
CrS of Cs, CNCs, CNC/ZnO NPs.T1, and CNC/ZnO NPs.T2 from pea shells was
12.29 nm, 12.28 nm, 19.64 nm, and 19.99 nm, respectively.

The samples of Cs and CNCs from peanut shells had the smallest CrS
followed by the pea shells, but in the nanocomposite of CNC/ZnO NPs, the samples
from pea shells had the smallest CrS followed by the peanut shells in the different
synthesis methods used in this study.

This observation indicated that the first cellulose structure after alkaline
treatment and bleaching using chlorine water and the acid hydrolysis treatment, in

particular, gave it a nanocrystalline structure since the first stage of cellulose
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extraction as the second acid hydrolysis treatment to obtain CNCs did not change the
position and intensity of these peaks Figure IV. 1(c) and Figure IV. 2(c).Here mild
acid-alkali conditions were used for the fractioning process of biomass (peanut shells
and pea shells). The alkaline treatment in cellulose extraction leads to the formation of
crystals, which in turn leads to the disorder of fibrous crystals, which are considered
amorphous because they are not part of the crystals. Swelling of the structure due to
penetration of the cellulose fibers by NaOH, resulting in an increase in crystal size
[370]. While the acid treatment of HCI during the extraction of cellulose and by
H2SO4 during the preparation of CNCs reduces the size of the crystals, this approach
ensures the minimum degradation of valuable substances contained in biomass such
as pectic and hemicellulosic polysaccharides. Also, a low-temperature process was
chosen contrary to high-temperature hydrothermal processes in the preparation of
CNCs by the second acid treatment with H2SO4 solution. The polysaccharides are
weakly bonded among each other and are packed in less structured tissue compared
with peanut shells biomass. Hence, the low temperature is sufficient enough to
improve and miniaturization of cellulose crystal size which makes beneficial changes
as it increases the specific surface area and water absorption capacity of bio-fibers,
depending on their crystal size, as increasing crystal size can enhance the resistance to
moisture absorption and chemical reactions of the fibers [374].

The different properties of each method used to synthesize the CNC/ZnO NPs,
lead to a different degree of stabilization of Zn(OH). NPs against agglomeration of
CNCs. This leads to the formation of ZnO NPs on the CNCs with the observed
variation in its density (confirmed by DREX), Crystallite Size, and final shape of
CNCs/ZnO NPs formed. These characteristic peaks of pure ZnO observed in the XRD
patterns confirm the formation and growth of ZnO NPs in CNC. Furthermore, XRD
analysis also revealed that all recorded peak intensity distributions confirm the
hexagonal writing structure of ZnO [370, 371]. Although the positions of the different
ZnO peaks were similar for the two different methods, the width of the peaks
decreased and the intensity of the peaks gradually increased by increasing ZnO
content, indicating an increase in crystal size and crystallinity [76].

It can be seen that the reflection peaks are broadened in the samples
synthesized by the first method, indicating that the particle size in the first method is
reduced and has more ZnO NPs. Can be observed in all the corresponding CNCs

peaks with low intensities, especially in the first method, which may be due to forms
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the thick layer from ZnO NPs as a coating for CNCs (confirmed by SEM images),
which results from difficulty determining the value of the Crl.

1.2. Fourier Transform Infrared Spectroscopy (FTIR)

The samples extracted from the peanut shells and pea shells were diagnosed
through many main steps, namely the raw samples for peanut and pea shells,
cellulose (Cs), cellulose nanocrystals (CNCs), and the nanocomposites CNC/ZnO
NPs it were synthesised by two different methods.

The first and most important observation in infrared analysis is that all
samples share almost the same chemical bonds. By (shape), arrangement and
comparison in reading, we notice the appearance of certain peaks or an improvement
in their sharpness with a decrease in the intensity of the peaks which express the non-
cellulosic materials which appeared in the spectrum of the raw material and
disappearance from the other asThese FTIR spectra matched well with each other
while functional groups analysis and bonding type conformations directly suggest the

similar chemical structure.
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Figure IV. 3: FT-IR spectra of fabricated CNCs( a,b, and ¢) and CNC//ZnO NPs (d-

e) from peanut shells.
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Figure IV. 4: FT-IR spectra of fabricated CNCs (a-b)
and CNC//ZnO NPs (d-e) from pea shells.

most of the bands appeared characteristic of Cs in all the spectra of CNCs
and CNC/ZnO NPs clearly with little change in their intensities and frequencies,
including the strong bands between 3331cm™ and 3283 cm™ in Cs and in all the
nanomaterial spectra CNCs and CNC/ZnO NPs, it is caused by the stretching
vibrations of the —OH groups (from absorbed H.O, secondary —OH groups, and
intermolecular and intermolecular H bonds) [379].

As displayed in Figure IV. 3 and Figure IV. 4,The bands at 2891-2890
cmtare linked to the aliphatic moieties and assigned to —CH and vas CH..
Furthermore, also observed the acetyl group’s C—H bending at approximately 1370
cm [379, 380].

The absorption peak at 1731cm™ we find in the crude sample only and
disappears in Cs and CNCs originates from the acetyl and ester groups in
hemicellulose, or carboxylic acid groups in the ferulic and p-coumaric components of
lignin. The existence of this peak shoulder was also reported in other works with
wheat straw, rice husks and soy hulls [154, 381, 382]. where the absence of this peak
indicates Successive chemical treatments remove most of the lignin and hemicellulose

from the nanofiberswith the purification process.
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The C-O-C from the glucosidic units and B (1—4) glucosidic linkage of
cellulose displayed their characteristic bands at 1161-1158 cm™ and 1053-1051 cm™,
respectively. remains unaltered, revealing that it does not participate in the reaction
and that only the —OH groups are acetylated [383]. This means that the raw material
has undergone a chemical treatment which modifies its chemical functions by the
appearance of peaks expressing the increase in the proportion of cellulosic
components after removal of non-cellulosic materials [384].

The crystalline cellulose phase is associated with the peak at approximately
1420—1430 cm?, while the amorphous component of cellulose is assigned to the
band at 897 cm™[383].

For CNCs, the appearance of the characteristic band at a wave number of
1202/1200 cm™ and 659 cm?, indicating the existence of S=O stretching from sulfate
groups in the sulfate CNCs through the esterification of hydroxyl groups during the
sulfuric acid hydrolysis of Cs [385, 386].

The FT-IR spectrum of the CNCs has absorption tips similar to cellulose
(Figure 1V. 3(a-b) and Figure IV. 4(a-b)) but with lower intensity. The reason is the
cellulose structure of CNCs samples was preserved after the acid hydrolysis of Cs and
the functional groups are located in a rigid crystalline structure, which reduces the
ability of the bond to vibrate when absorbed by IR radiation.mples until it completely
decays into the spectra of Cs and CNCs.

For the CNC/ZnO NPs of all samples (Figure 1V. 3(d-e) and Figure 1. 4(c-
d)) the existence of cellulose was determined through exhibit typical characteristic
peaks of cellulose, including the bands around 3331/3303 cm™ and 1367/1365 cm?,
which characterize the stretching and bending vibrations of the hydroxyl groups O-H
[387, 388].

2891/2890 cm?, 1427/1425 cm?, 1061/1058 cm? and 1633/1629cm?,
attributed to the C-H stretching, H-C-H bending, C-O stretching vibrations and OH
group oscillations of adsorbed water molecules on the sample , respectively [362,
389-391].

In the nanoparticules CNC/ZnO NPs spectras, the characteristic peaks of O—H
stretching vibrations were shifted towards higher wave number (i.e. from 3276 cm™
in the shells to 3331 cm™ in the Cs, CNCs, and CNC/ZnO NPs) this is due to the
strong interaction between the oxygen atoms of the carboxyl groups on the CNC

surface with ZnO gives strong evidence of the metal oxides-polymer bonding (Zinc
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|

oxide-Cellulose) through the COO linkage indicating formation of hydrogen bonds
between CNCs and ZnO [392].

This inference is also supported by the appearance of new bands in the
CNC/ZnO NPs attributed to v (M—0) at 431 and 423 cm™ which were assigned to the
stretching vibration of the Zn-O bonds. for CNC/ZnO NPs for pea shells and
CNC/ZnO NPs for peanut shells, respectively [20, 320, 393, 394].

Thus, these results of the FTIR spectrum confirmed the successful preparation
of CNC/ZnO NPs from the peanut and pea shells by two different methods, that
created ZnO NPs mounted on CNCs support through electrostatic interaction of
COOH groups on CNCs and ZnO surfaces.

Table 1V. 3:The Important IR Peaks of all the samples (shells, Cs, CNCs, and
CNC/ZnO NPs).

Wavenumber (cm™)

CNC/ZnO  CNC/ZnO
Assignment NPs NPs
Mland Tl M2and T2
-OH(covalentbond,hydrogenbonding) 3331/ 3331/ 3331/
3303 3303 3303
CH 2891 2891 2891
C=0 stretchingof theacetyl group _ 1740 1740
H>Oabsorbed(absorbedwaterhydrogen-bonded)) 1%?;/ 1633/1629 1633/1629
1
-CHz((symmetric)atC-6;crystallineregion) 1430 1430 1425
C-HbendingvibrationofCHsintheacetylgroup) _ 1369 1365
-CH2(waggingatC-6)Or-COHinaplaneatC-2andC-3 1320 1319 1322
-COHinaplaneatC-6 1253 - -
C-Ostretchingoftheacetylgroup - 1222 1215
-C0O,-OH(C-0O-Catp-glycosidiclinkage) 1160 1168 1164
y-ringinplane 1103 1122 1125
C-0(c-o-cofthecellulosebackbone) 1052 1037 1040
-COatC-6 1029 952 1010
-CH2(C-O-CatB-glycosidiclinkage;amorphousregion) 898 899 902

1.3. UV-visible Spectroscopy (UV-Vis)

UV-Vis absorption spectroscopy plays a very important role in examining the
optical properties of nanoparticles [68]. Significant absorbances were seen for the
CNC/ZnO NPs solutions in the UV light range of 300 to 400 nm.
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Figure 1V. 5: (a-c)UV-Vis absorption spectrum, (b-d) Plots of (a/hv)? versus hv of
CNC/ZnO NPs from two methods (M1, M2 from peanut shells) and (T1, T2 from pea
shells.

Figure 1V. 5(a) shows the absorption peak at 366 nm for the CNC/ZnO
NPs.M1 and CNC/ZnO NPs.M2 synthesized from peanut shells for the first and

second methods, respectively. Figure V. 5(c) shows two absorption peaks at 364 nm
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and 377 for CNC/ZnO NPs.T1 and CNC/ZnO NPs.T2 synthesized of the first method
and second method from pea shells, respectively, which may be an indicator of
CNC/ZnO NPs formation.

This peak confirms the synthesis of pure ZnO NPs in the CNCs and the
successful use of peanut shells and pea shells to obtain CNC/ZnO NPs by two
methods, Furthermore, it has been reported that the peak position of the UV-Vis
spectrum correlates with nanoparticle size and color changes with decreasing
nanoparticle crystal size [395].

The bandgap energy is calculated based on the numerical derivative of the
optical absorption coefficient using the Tauc relationship between the optical
absorption coefficient (a), the photon energy (hv), the constant (A), and the direct
bandgap energy (eg). Figure 1V. 5 (b-d) was found to have a band gap energy value
of 3.27 eV and 3.66 eV for the ZnO NPs synthesized from peanut shells and pea
shells, respectively, which is in correlation with the previously reported value [396].
For example, differences in different ratios may be due to differences in methods used

and average crystal size.

1.4. Scanning electron microscopy (SEM-EDS)

In order to observe the difference in microstructure of the samples before and
after extraction, it was examined under a scanning electron microscope SEM.

Figure 1V. 6 and Figure IV. 7 shows SEM graphs of the different samples
(Cs, CNCs, and CNC/ZnO NPs) extracted from peanut shells and pea shells. We can
clearly see a big difference between the structure of the raw sample and the structure
of Cs and CNCs extracted after going through all the stages of the treatment.

It is also noted in Figure 1V. 6 (b) and Figure I'V. 7(g) that the texture of the
cellulose fibers is excellent, as it comes in the form of fibers without the presence of

damaged or irregular areas after what was in the form of plaques in the raw sample.
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Figure 1V. 6: SEM image: (al-a2) of shells, (b1-b2) of Cs, (c1-c2) of CNCs, (d1-d2)
of CNC/ZnO NPs.M1, and (el-e2) of CNC/ZnO NPs.M2 from peanut shells.
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Figure 1V. 7: SEM image: (al-a2) of shells, (b1-b2) of Cs, (c1-c2) of CNCs, (d1-d2)
of CNC/ZnO NPs.T1, and (el-e2)of CNC/ZnO NPs.T2 from pea shells.
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The surface of the cellulose fiber displays defibrillation of the fibrils into
individual fibrils of different sizes, but they are close size. Their smooth and flexible
characteristics also indicate that they are free from noncellulosic rigid components
such as hemocellulose, lignin, and other inorganic contaminants.

No significant differences were observed between all samples of Cs and
CNCs prepared using different kind of source found (peanut and pea shells). In the
synthesis of CNCs, shortening of cellulose fibers by treatment with the acid
hydrolysis (H2SO4) occurred and CNCs formed. Through the Figure IV. 6 (c) and
Figure 1V. 7(h) the morphology of CNCs is rods-like or needle-like due to chemical
influence during synthesis due to the disintegration the cellulose (Cs) amorphous part
by hydronium ions attack and then resulted the cellulose nanocrystals( CNCs) [181].
The extended hydrolysis time for 4 h promoted more isolated individual crystallites,
this was owing to further weakened hydrogen bonding between cellulose molecular
chains [397]. In addition, both Cs and CNCs showed homogeneous dispersion
behavior, which related to the good stability of the colloidal suspension [398].

There is also a decrease in the dimensions of the Cs and CNCs compared to
the raw sample, this proves that the percentage of crystallized Cs and CNCs is high
and this is confirmed by the XRD, but were we observed the presence of some strands
of cellulosic microcrystals in the different CNCs samples prepared and quite the
opposite, the presence of some strands of cellulosic nanocrystals in the different Cs
samples prepared. This indicates that the sample particles are not all of uniform size.

Figure IV. 6 (d-e) and Figure IV. 7(i-J) summarize the formation process of
ZnO in CNCs network by two different methods.

In the first method for preparing the nanocomposite CNC/ZnO NPs, we
synthesized ZnO on CNCs while the CNCs were in a dissolved state. For a better
understanding of cellulose dissolution in the solvent, We chose the mixture of
NaOH/urea solution used for cellulose dissolution, because the cellulose treated in
deionized water exhibited the original fibrous shape due to the insolubility of
cellulose in deionized water ( deionized water was a solvent).

Given the fact that cellulose, as a linear chain of ringed glucose molecules,
was linked by B(1-4) glycosidic bonds showing a flat ribbon-like conformation and
deionized water failed to break intramolecular hydrogen bonds between the adjoining

ring molecules, the linear configuration of the cellulose chain was intact [398].
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while the morphology of cellulose from the NaOH/urea solution was a
colorless liquid mixture which indicates that the cellulose fibers have melted. The
explanation for that could be that cellulose molecules would aggregate to hide the
hydrophobic glucopyranoside’s ring planes.

Interestingly, the regenerated product after adding ZnCl, solution to the
transparent mixture (cellulose/urea / NaOH) appeared in the form of cellulose
nanocrystals Figure 1V. 6 (d) and Figure IV. 7(i). Moreover, a light-colored layer
was observed on the surface of the treated CNCs [399], which means that the
addition of ZnCl; to the system and the availability of more -OH ions resulting from
NaOH led to the replacement of —Cl by —OH. After the removal of the ions Cl, Na,
and excess Zn?* in the solution to balance the charge of Zn?" ions fixed on the CNC
surface, which leads to the formation of Zn (OH)2[21].

Where the electron-rich oxygen of the polar hydroxyl in the cellulosic
molecular chain interacted with Zn?* ions in solution through electrostatic force to
form cellulose/zinc oxid complexes, disrupting intramolecular hydrogen bonds and
cellulose.

Thus, it has already achieved the formation of zinc oxide in the form of a layer
encapsulated by the CNCs.

For comparison purposes, ZnO nanoparticles were also prepared both in the
presence of CNCs with the second method, ZnCl solution was used to obtained a
Zn?* ions for synthesis ZnO precursor on the CNCs. This solution system was able to
hydrolyze nano-sized CNCs [400]. Thus CNCs underwent hydrolysis in ZnCl
solution, this led to the liberation of zinc ions in the aqueous solution. After that,
NaOH solution was added in to the system. When the solution became basic

First, the electron-rich oxygen from polar hydroxyls in cellulose molecular
chain interacted with Zn?* ions in the solution through electrostatic force to form
Zn/cellulose complexes, resulting in the disruption of inter and intramolecular
hydrogen bonds of cellulose. Then, the —OH replaced —Cl to counter balance the
charge of Zn?* ions immobilized on CNCs surface, leading to the formation of
Zn(OH)2[21]. Perhaps Zn?* ions were still surrounded by some —CI ions. When they
transformed to ZnO crystals, which may result in new ZnO nuclei on CNCs surface
and thus formation of flower-like ZnO clusters [401]. which after the precipitation
process between CNCs and Zn?* ions, water separation follows by drying to form

ZnO molecules during the hydrothermal reaction. During the reaction, the mixture
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was milky or light yellow, implying that no dissolution of cellulose occurred, as a
result, the growth of ZnO crystals on the CNCs surface increases the surface area.

Compared to Cs, CNCs had more surface hydroxyl groups, which provide
more active sites for the growth of ZnO nanoparticles, enabling their stable fixation in
the 3D network structure and avoiding their agglomeration [402].

Besides that, other CNC/ZnO NPs synthesis conditions, such as reaction
temperature and time could have impact on the ZnO morphology[403]. It is also
worthy to note that the ZnCl> supernatant is recyclable and reusable after the reaction.

The number of hydroxyl groups on the cellulose surface had a significant
effect on growth of ZnO [404]. While the number of free hydroxyl groups on
cellulose was directly related to the size of cellulose, the smaller the size of the
CNC/ZnO NPs particles, the fewer the number of hydroxide groups, that is, almost all
of them are attached to zinc ions, and the larger the size of the resulting CNC/ZnO
NPs particles, the greater the number of free hydroxyl groups on the surface The
increased surface area provides more binding sites for the precursor ZnO. The
electrostatic interactions between CNCs and ZnO particles promoted the uniform
dispersion and nucleation growth of ZnO on the CNCs matrix.

The form of CNC/ZnO NPs for second methods, It should be emphasized that
in all the reaction conditions, rod-like CNCs could still be observed from the SEM
images and the ZnO NPs evenly dispersed in the self-assembled CNCs 3D network.
The ZnO particles are well dispersed on the CNCs surface flower-like with a narrow
size distribution formed. Each flower-like cluster consisted of several rough-surface
conical-shape “petals” that connected and stacked together ( Figure 1V. 6 (e) and
Figure IV. 7(})).

To evaluate the chemical composition of shells, Cs, CNCs, and CNC/ZnO
NPs. EDS was recorded arbitrarily from the samples surfaces. In EDS spectrum in
Figure IV. 8 (a, f) are showed numerous well-defined peaks were evident related to
elements chemicals C, O, N, Na, Mg, k, Cl, and S in from peanut shells and pea
shells.

EDS spectra in the Figure 1. 8 (b,g) of Cs samples and Figure 1V. 8 (c, h)
of CNCs samples showed the peaks of carbon and oxygen elements, which clearly

support the chemical composition of classic cellulose.
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Figure IV. 8: EDAX: (a, b, ¢, d, and e) of (Shells, Cs, CNCs, CNC/ZnO NPs.M1, and
CNC/ZnO NPs.M2) from peanut shells and : (f, g, h, i, and j) of (Shells, Cs, CNCs,
CNC/ZnO NPs.T1, and CNC/ZnO NPs.T2) from pea shells.
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Also, the obtained results confirmed that the acid hydrolysis for long time (4
hours) didn’t change the elemental composition of cellulose nanocrystals and no other
peak related to impurities was detected in the spectrum which further confirms the
purity of the Cs and CNCs, supporting the statement as analyzed by FTIR results.

However, a slight difference was observed in the percentages for carbon and
oxygen, which changed from Cs with 21.87% C and 78.13% O to CNCs with 54.41%
C and 45.59% O from peanut shells. Also, the samples from pea shells,witch changed
from Cs with 33.5% C and 66.5% O to CNCs with 55.86% C and 44.14% O,
respectively resulting from the removal of amorphous residues [405, 406].

Figure 1V. 17 (d, e, h, and j) showed the composition analysis and their
corresponding distribution maps using EDX spectroscopy of the prepared bio-
nanocomposites ZnO/CNC NPs samples by two different methods from peanut and
pea shells, the existence of all three elements, C, O, and Zn. These elements
characterize the presence of two components ZnO and CNCs in the sample. The
recognition of Zn peaks in the EDX spectra indicates the successful intercalation of
the ZnO NPs with the CNCs. Otherwise, the bands of C and O are ascribed to the
binding energies of the CNCs.

Similarly, the EDX mapping of the prepared ZnO NPs shows the uniform
distribution of Zn atoms along with C and O throughout the CNCs polymer matrix.
As can be seen as a high percentage of Zn in the samples of the first method
compared to its percentage in the samples of the second method, with 56.93% and
13.69% to the first and second method, respectively from peanut shells, and from pea
shells with 69.67% and 11.29% to a first and second method, respectively. This
confirms the fact that Zn is distributed in a constant manner on the entire surface of
CNCs in the first method, while it was observed as white dots in the form of flowers-

like scattered randomly on the surface of CNCs in the second method.
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2. Study of removal of BM dye by adsorption on Cs and
CNC/ZnO NPs (Adsorption study)

2.1.  Factors Experimental Influencing the Adsorption Process

2.1.1. Effect of mass influence

The effect of the dosage or mass of the sorbent on the sorption of MB dye by
cellulose (Cs) and cellulose/zinc oxide nanocomposite (CNC/ZnO NPs) was
investigated by varying the amount the mass of the sorbent from 20mg to 100 mg in
the test solution in the pH of solution at contact periods of 30 min at a speed of 500
rpm while maintaining the initial MB concentration and the volume of the solution
are 100 ppm 50 mL respectively.

According to Figures ( 1V. 9 ) and ( 1V.10 ) show the effect of the mass of the
sorbent on the adsorption efficiencies and the adsorbed capacity of the MB dye.

100

Removal efficiency R (%)

=m=- Cs of peanut

=[]==Cs of pea
CNC/ZnO NPs.M2

=== CNC/ZnO NPs.T2

L] L] L] L] L]
0,00 0,02 0,04 0,06 0,08 0,10 0,12
Mass of adsorbat (g)

Figure 1V.9: Effect of adsorbent mass on the percentage removal for removal of MB
dye at: (m=(0.02 to 0.1) g, V=50 ml, Co= 100 ppm, pH=7, T= 252 °C, and t= 30

min ).
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Figure 1V.10: Effect of adsorbent mass on the adsorption capacity for removal of MB

dye at:( m=(0.02t0 0.1) g, V=50 ml, Co 100 ppm, pH=7, T= 25+2 °C, and t= 30

min).

The Figures (V. 1) and( V.2) reveal that:

>

the increase in the adsorbent dosage of each sample of Cs and CNC/ZnO NPs
leads to an decreased in adsorption efficiency and a decrease in the adsorption
capacity per unit mass of sorbent and a decrease in the concentration of the
dye in solution, i.e. better elimination of the pollutant.

When the adsorbent dosage of the sorbent increases from 20 mg to 100 mg the
adsorption capacity decreases from 93.63 to 43.88 mg/g and 81.60 to 39.43
mg/g from Cs of peanut shells and pea shells, respectively and from 66.32 to
31.25 mg/g and 63.46 to 24.14 mg/g from CNC/ZnO NPs of peanut shells and
pea shells, respectively. But the percentage of removal increases from 37.68 to
76.4 % and 32.64 to 87.87 % from Cs of peanut shells and pea shells,
respectively and from 26.53 to 62.51 % and 25.38 to 48.29 % from CNC/ZnO
NPs of peanut shells and pea shells, respectively. This can be attributed to the
increased surface area available and the increased number of active sites on
the surface of the material used.

for high masses of sorbent, there is a very rapid surface sorption and,
consequently, a decrease in the time required to reach equilibrium. When the

mass of the sorbent increases the equilibrium time decreases .
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» For sorbent masses greater than or equal to 80 mg, the percentage removed of
dye remains constant.

At a low level of adsorbent dosage, the adsorption sites were fully available
for MB adsorption, resulting in a higher capacity. When the adsorbent dose increases,
the particles agglomerate, affecting the surface area. As a result, active adsorbent sites
become saturated, triggering a low adsorption capacity of a high adsorbent dose
composite [407].

2.1.2. Effect of contact time

In order to determine the time required for the occurrence of contact, we
prepared 9 samples, each sample containing 50 ml from a solution of MB dye at an
initial concentration of 100 ppm, an adsorbent dosage of 60 mg for Cs and CNC/ZnO
NPs from peanut shells and 80 mg for Cs and CNC/ZnO NPs from pea shells. these
samples were subjected to agitation process for different contact times of 05 to 75 min
at pH of the MB solution ( pH=7), and at room temperature ( 252 °C).
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Figure 1V.11: Effect of contact time on the percentage removal for removal of MB
dye at: (V=50 ml, Co 100 ppm, pH=7, T= 252 °C, and t= ( 05 to 75) min ).
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Figure 1V.12: Effect of of contact time on the adsorption capacity for removal of MB
dye at: (V=50 ml, Co 100 ppm, pH=7, T=25+2 °C, and t= (05 to 75) min ).

The adsorption capacity (Figure 1V.12) increases with increasing contact time
(05 to 75 min) from 61.91to 69.01mg/g and 42.02 to 45.48 mg/g from Cs of peanut
shells and pea shells, respectively and from 35.77to 39.5 mg/g and 25.89 to 27.22
mg/g from CNC/ZnO NPs of peanut shells and pea shells, respectively. But the
percentage of removal (Figure V.11) increases from 72 to 80.26 % and 65.16 to
70.53 % from Cs of peanut shells and pea shells, respectively and from 42.92 to 47.4
% and 41.43 to 43.55 % from CNC/ZnO NPs of peanut shells and pea shells,
respectively.

The adsorption rate appears rapid at the initial period of the contact time and
gradually decreases with time until equilibrium. Maximum adsorption was achieved
at 45 minutes time interval and no significant increase found by further increase in
time.

The initial faster rate was due to accumulation of MB on surfaces of the
adsorbents which is a rapid step [408].

Initially, excess of vacant places are available on the surface of sorbent, and
uptake of BM dye was more, so there was continuous increase in adsorption capacity
by increasing time slot from zero to 45 minutes. But, further increase could not cause
sufficient change in adsorption of BM dye as vacant spaces are already filled, and

equilibrium is achieved [409]. An optimum contact time to occupy the active site over
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the adsorbent and adsorbate led to saturation; hence, the adsorption capacity will not

increase [410].

2.1.3. Effect of initial concentration

The effect of the concentration of MB dye on the adsorption rate was studied

by preparing 9 samples of MB dye and of different initial concentrations was varied in

range of 05 to 300 ppm. Each sample containing 50 ml from a solution at pH solution
(pH=07), contact time for 05 to 75 min, and adsorbent dosage for Cs and CNC/ZnO

NPs are 60 mg and 80 mg from samples of peanut shells and pea shells, respectively.

Equilibrium attained when the concentration of the final solution remained the same

with increasing adsorption timeat room temperature 25 °C.
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Figure 1V.13: Effect of initial concentration on the percentage removal and

adsorption capacity for removal of MB dye from Cs of peanut shells at: ( m= 0.06 g,
V=50 ml, Co=(05 to300) ppm, pH=7, T= 252 °C, and t= (05 to 75) min).
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Figure 1V.14: Effect of initial concentration on the percentage removal and

adsorption capacity for removal of MB dye from Cs of pea shells at: (m=0.08 g, V=

50 ml, Co=(05 t0300) ppm, pH=7, T= 25+2 °C, and t= (05 to 75) min).
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Figure 1V.15: Effect of initial concentration on the percentage removal and

adsorption capacity for removal of MB dye from CNC/ZnO NPs.M2 of peanut shells
at: (m=0.06 g, V=150 ml, Co=(05 t0300) ppm, pH=7, T= 25+2 °C, and t= (05 to 75)

min ).
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Figure V.16: Effect of initial concentration on the percentage removal and
adsorption capacity for removal of MB dye from CNC/ZnO NPs.T2 of pea shells at: (
m=0.08 g, V=50 ml, Co=(05 t0300) ppm, pH=7, T= 25+2 °C, and t= (05 to 75)
min).

That is shown in Figure (1V.13) to ( Figure 1V.16), at initial concentration
300 ppm with 75 min contact time, all the samples gave the highest adsorption
capacity of 107.33 mg/g and 71.26 from Cs and CNC/ZnO NPs of peanut shells,
respectively. From the pea shells samples, it was found highest adsorption capacity of
72.1 mg/g to 52.4 mg/g from Cs and CNC/ZnO NPs, respectively.

According to ( Figure 1VV.13) to ( Figure 1V.16), rapid increase in adsorption
capacity was observed initially. In fact, we can see that the MB dye fixation curves on
Cs and CNC/ZnO NPs, can be divided into two parts: the first part of the kinetics
corresponding to a very short phase, where the fixation of MB dye is very fast, it is
carried out in the first minutes of adsorption and a second phase of medium speed
where the quantity adsorbed evolves more slowly and the adsorption rate is relatively
low. As vacant spaces were available on the surface of sorbent. So, Increasing initial
concentration of MB dye also raised adsorption to the construction of sorbate sorbate
associations that provides the driving force to overcome the resistance to the mass
transfer owing to increased adsorption of sorbate on available sites [411].

Adsorbent readily occupies these adsorption sites, and adsorption capacity has
positive influence of concentration in this range. Further increase in concentration
from 150 to 300 ppm has no significant effect on adsorption phenomenon. The latter

is well represented by a saturation level. This phenomenon can be explained by the
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existence of a first step of adsorption of MB dye on easily accessible sites probably
located on the external surfaces of the solid supports, followed by a molecular
diffusion of the dyes towards the adsorption sites. less accessible such as interfoliar
spaces of solids, or within organic matter before reaching an adsorption equilibrium
where all sites become occupied.

The rapid fixation is explained by the great affinity of the supports for the
retention of MB dye and by a better diffusion of the substrate through the pores of
these adsorbents. These results obtained are similar to the results of the adsorption of
dyes on different adsorbents such as: aerobic granules [412], kaolinite [413], and
other adsorbents [414, 415]. Also report that accommodation for sorbate decreases as
concentration is very high due to unavailability of resident sites [416].

We can conclusion, the initial dye concentration factor significantly impacts
the proportion of dye removal. Based on the linear relationship between dye
concentration and accessible binding sites on an adsorbent surface. Then, it decreases
slightly when the concentration increases because, , more dye can bind on the usable
adsorbent surface, and then, the saturation of the surface active site makes it constant.
As the dye concentration rises, the driving force for mass transfer rises, resulting in
increased MB adsorption. Increased MB concentration results in more dye molecules,

resulting in saturation and a reduction in adsorption capacity [417].

2.1.4. Effect of pH

The mechanism interaction between the dyes and the various adsorbents used
change according to the pH of the solution [418, 419]. In this context, the effect of
pH on the adsorption of MB has been studied over a wide range pH = (2 and 10), we
prepared 9 samples, each sample containing 50 ml from a solution of MB dye at an
initial concentration of 100 ppm, an adsorbent dosage of 60 mg for Cs and CNC/ZnO
NPs from peanut shells and 80 mg for Cs and CNC/ZnO NPs from pea shells. these
samples were subjected to agitation process for different contact times of 05 to 75 min
at room temperature ( 25 °C ).The pH of the solution was adjusted to the desired
values by the addition of H2SO4 (0.02 M) or NaOH (0.02 M).
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Figure 1V.17: Effect of pH on the percentage removal for removal of MB dye at: ( V=
50ml, Co 100 ppm, pH=(2t0 10), T=25+2 °C, and t= (05 to 75) min).
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Figure 1V.18: Effect of pH on the adsorption capacity for removal of MB dye
at: (V=50ml, Co 100 ppm, pH=(21t0 10), T=25+2 °C, and t= ( 05 to 75) min ).

Figure 1V.17 showed that at lower pH values, removal of the BM dye was low but

increased with increasing pH to optimal values of 10 in all the samples raw and
modified (Cs and CNC/ZnO NPs) with 75 min contact time gave the highest
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adsorption capacity of 71.68 mg/g and 40.88 from Cs and CNC/ZnO NPs of peanut
shells, respectively. While in the samples from the pea shells, it was obtained an
highest adsorption capacity of 50.31 mg/g to 29.87 mg/g from Cs and CNC/ZnO NPs,

respectively.

+ Neutral and basic medium (pH > 6):

In this region, The surface of adsorbent becomes positively charged at lower pH due
to protonation of hydroxyl ions present in Cs and CNC/ZnO NPs;the adsorption
capacity of the BM dye on both Cs and CNC/ZnO NPs adsorbents increases
significantly with an increase in pH in the basic medium.

On the other hand, At a higher pH level, more binding sites are free and there is less
competition between the H+ ions and the cationic MB dye[420]. Moreover, all O-H
groups are free and increasing in number. Thus, it was observed that the reaction at
higher pH can render a strong electrostatic attraction against MB. These results
concluded that MB dye adsorption on Cs and CNC/ZnO NPs dependent the pH of the

solution. Similar results were attained and disclosed by other researchers[421, 422].

+ Acidic medium (pH < 6):

The adsorption capacity of the BM dye decreases with decreasing pH, the surface of
adsorbent becomes positively charged due to protonation of hydroxyl ions present in
Cs and CNC/ZnO NPs.Furthermore, as the solution pH decreases, more H* ions are
encountered with the positively charged MB and covering the active sites of the Cs
and CNC/ZnO NPs surface. This decrease can be explained by a noticeably strong
electrostatic repulsion efect between the negative charge of the solid and the cationic
form of the BM dye, which occupies the active sites[423].

For all the samples, the optimum pH range was found to be from 6 to 10,
within which Cs and CNC/ZnO NPs show the best adsorption behavior. When the pH
is increased between 7 and 10, there is a slight influence and a slight increase in the
adsorption capacity of the BM dye. Moreover, this behavior confirms the high
stability of Cs and CNC/ZnO NPs, highlighting the advantage of using these materials
in adsorption over a wide pH range. Furthermore, the samples attract positive ions
over a wide range of pH, except for the acidic medium (pH <6), where a decrease in

the adsorption capacity for acidic pH values is observed.
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2.1.5. Effect of temperature

In this context, the effect of temperature on the adsorption of MB has been

studied over a wide range T= (25, 40, and 55) =2 °C, we prepared 03 samples, each

sample containing 50 ml from a solution of MB dye at an initial concentration of 100

ppm, an adsorbent dosage of 60 mg for Cs and CNC/ZnO NPs from peanut shells and

80 mg for Cs and CNC/ZnO NPs from pea shells. these samples were subjected to

agitation process for maximum time 75 min at pH solution.
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Figure 1V.19: Effect of temperature on the percentage removal for removal of MB
dye at: ( V= 50ml, Co 100 ppm, pH= 7, T= (25, 40, and 55) £2 °C, and t= 75 min ).
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Figure 1V.20: Effect of temperature on the adsorption capacity for removal of MB
dye at: (V= 50ml, Co 100 ppm, pH=7, T= (25, 40, and 55) +2 °C, and t= 75 min ).
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According to Figure 1V.19 and Figure 1V.20, for Cs, when the temperature
increases from 25 to 55 °C, we note a decrease in the adsorption capacity from peanut
shells decreases from 69.01 to 63.92 mg/g, andshow the percentage of removal
decreases from 80.26 to 74.34%, respectively. Similarly, the adsorption capacity of Cs
derived from pea shells decreases from 45.48 to 42.53 mg/g, and the percentage of
removal decreases from 70.53 to 65.95%, respectively. A decrease in temperature
leads to a decrease in the stability of the bonds between the active sites of the
substance and the BM dye molecule. With regard to Cs synthesized from peanut
shells and pea shells, an exothermic thermal phenomenon appears. From these
findings, it can be observed that an increase in the temperature of the solution leads to
a decrease in adsorption capacity. This can be explained by the exothermic nature of
the sorption process and the weakening of bonds between the dye and the active sites
of the sorbent at higher temperatures.

The experimental results obtained for CNC/ZnO NPs showed that the

adsorption capacity of BM dye increased with the temperature rise from 25 to 55 °C.

According to Figure 1V.19 and Figure 1V.20, for CNC/ZnO NPs derived
from peanut shells, the adsorption capacity increased from 39.5 to 48.84 mg/qg,,
respectively while the percentage of removal increased from 47.4 to 56.80%.
Similarly, for CNC/ZnO NPs derived from pea shells, the adsorption capacity
increased from 27.22 to 33.68 mg/g, and the percentage of removal increased from
43.55 to 52.22 %, respectively.

The increase in temperature enhances the movement of BM dye ions,
facilitating their penetration into the internal structure of CNC/ZnO NPs. This leads to
an increase in intraparticle diffusion and the creation of more adsorption sites,

resulting in better fixation and enhancing the adsorption phenomenon[424].

The temperature parameterization has a positive effect on this process by
providing a strong energy contribution, thereby overcoming the repulsion forces at the
interfaces of the liquid and solid media. This trend suggests that the adsorption

process in CNC/ZnO NPs follows an endothermic adsorption process[425].
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Therefore, it is noteworthy that the role of temperature plays an important part in the
kinetics of dye retention[426].

2.2.  Adsorption Kinetics

In order to investigate the adsorption kinetics of MB dye, We used in this
study, the kinetic laws of the pseudo-first-order model and the pseudo-second-order.
The adsorption rate constants of MB dye on the different adsorbents, for the pseudo-
first and pseudo-second-order model, are determined graphically by plotting In(Qe-
Qt) as a function of time for the determination of the rate constant (K1) and t/Qt as a
function of time for determining the second rate constant (K2). The linear form of the
first-order kinetic and the pseudo-secondorder kinetic model is expressed from
Equations (Il. 2) and (II. 4) (in chapter Il1), respectively. For a linear form, a
computer-based procedure was used in Microsoft Excel 2010 using the solver add-in

method .

Equation y=a+bx
Plot Cs of peanut shells Cs of pea shells CNC/ZnONPsM2 | CNC/ZnO NPs,T2 Cs of peanut shells
Weight No Weighting Cs of pea shells

4 wlll Intercept 2,72508+0,16931 | 155089 £0,12628 = 1,78963+0,15784 | 0,59296 +0,25142 CNC/ZnO NPs.M2
Slope -0,09702 £0,00539  -0,05945 £0,00402 | -0,09092 £0,00502 = -0,09874 +0,01014 ¥ CNC/ZnO NPs.T2
Residual Sum of Squares 0,41584 0,23134 0,36139 055862
Pearson's r -0,99087 -0,98657 -0,99097 -0,97461
3 = & square (con) 0,98183 0,97332 0,98202 0,94987
Adj. R-Square 0,9788 0,96887 0,97902 0,93985

\A !

Pseudo-First-Order Model

In (Qe-Qp)

-5 L] L] L] L]
0 10 20 30 40 50 60 70

Time (min)

Figure 1V.21: The pseudo-first-order kinetic of MB dye adsorption on Cs and
CNC/ZnO NPsfrom peanut shells and pea shells at: ( V=50 ml, CO 100 ppm, pH=7,
T=25%2 °C, and t= (05 to 75) min).
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Figure 1V.22: The pseudo-second-order kinetic of MB dye adsorption on Cs and
CNC/zZnO NPs from peanut shells and pea shells at: ( CO 100 ppm, pH=7, T= 25+2
°C, and t= (05 to 75) min).

Table 1V.4:Estimated kinetic models parameters for MB adsorption on Cs and
CNC/zZnO NPs from peanut shells and pea shells at: ( C0=100 ppm, pH=7, T=
25°C).

Samples:

Adsorption isotherm Parameter Cs of peanut  Cs of pea CNC/znO CNC/znO
(T=25C) shells shells NPs.M2 NPs. T2
(Ci=100ppm)
Qe exp(mg/g) 69.0174 45.4838 39.49956 27.2196
Qe cal (mg/g) 15.271 4.71567 5.98723 1.80933
Pseudo-First- Ku (L/min) 000162 -0.00099 -0.00152 -0.00165
Order
R2 0.9788 0.96887 0.97902 0.99799
Qe cal (mg/g) 69.979 45.8505 39.920 27.3373
Pseudo-Second- K2(g/mg.min) 0.01535 0.030669 0.03571 0.134888
Order
R2 0.9999 0.99995 1 1
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According to the results of the modeling, Table( 1\VV.4) and Figures ( IV.21
and 1V.22)shows that the model which presents the highest correlation factor is that of
the pseudo-second-order model. The values of the quantity adsorbed at equilibrium
found in this model are very close to those of the quantities adsorbed experimentally
with a large correlation coefficient R? such that (R? =1) for all the adsorbents, it can
therefore be deduced that the model of pseudo-second-order is the one that best
describes the adsorption process of methylene blue on all the samples of Cs and
CNC/ZnO NPs adsorbents.

The pseudo-second-order model is based on the phenomenon of binding
molecules to the solid phase until saturation, with chemisorption being the
determining step of adsorption. On the other hand, the pseudo-first-order model is
only valid for the first minutes. A similar phenomenon is observed in the adsorption
of MB dye [427-429].

2.3.  Adsorption Isotherm

The Cs and CNC/ZnO NPs adsorbents adsorption properties were investigated
by submerging the sample in MB at different concentrations from 05 to 300 mg/Il. The
Langmuir, Freundlich, and Temkin models were applied to explain the equilibrium
adsorption isotherm. Since this information can connect the adsorbate and absorbent,

the surface and adsorbate might adhere via chemisorption or physisorption.

The Langmuir isotherm model describes the information for the adsorption of
MB dye onto the surface of Cs and CNC/ZnO NPs adsorbent homogeneously, and the
BM dye molecule formed a monolayer at the adsorption sites. The Freundlich
isotherm model predicts that nonideal multilayer adsorption occurs on the adsorbent’s

uneven surface and that the adsorbent’s surface is heterogeneous.
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Figure 1V.23: The Langmuir isotherm of MB dye adsorption on Cs and CNC/ZnO
NPs from peanut shells and pea shells at: (CO=(05 to 300) ppm, pH=7, T= 25+2 °C,
and t= (05 to 75) min).
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Figure 1V.24: The Freundlich isotherm of MB dye adsorption on Cs and CNC/ZnO
NPs from peanut shells and pea shells at: (CO=(05 to 300) ppm, pH=7, T= 2542 °C,
and t= (05 to 75) min).
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Figure 1V.25: The Temkin isotherm of MB dye adsorption on Cs and CNC/ZnO
NPsfrom peanut shells and pea shells at: ( CO=(05 to 300) ppm, pH=7, T= 25+2 °C,
and t= (05 to 75) min).

Table 1V.5:Estimated isotherm models parameters for MB adsorption on Cs and
CNC/zZnO NPs from peanut shells and pea shells at: ( CO=(05 to 300) ppm, pH=7,
T=25+2 °C, and t= (05 to 75) min).

Samples:

Adsorption
. Cs of peanut Cs of pea CNC/zZnO CNC/zZnO
isotherm Parameter
shells shells NPs.M2 NPs. T2
(T=25C)
Qmax (mg/g) 40.9668 36.01008 72.6744186 50.968
Langmuir
. KL (L/mg) 19.2204 3.06174 0.04434275 0.046
isotherm
RL 0.00052 0.00356 0.18402 0.17847
R2 0.91726 0.9723 0.91726 0.99799
Kf (mg/g)(L/mg)¥" 0 0 0 0
Freundlich 1/n 1 1 1 1
isotherm R2 1 1 1 1
KT (L/mg) 0.162122 0.22044 0.2178509 0.29272
Temkin BT (J/mol) 31.67248 22.33526 21.85399 15.9172
isotherm R2 0.88976 0.88967 0.88383 0.87624
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Form 1 of the Langmuir equation The linearization of the Langmuir model
Equation (11. 8) By plotting 1/Qe as a function of 1/Ce, we obtain a straight line with
a slope of 1/KLQmax and an ordinate at the origin of 1/Qmax The modeling of the
experimental results of the sorption isotherms of BM by Cs and CNC/ZnO NPs are
presented on the Figure 1V.23 and the parameters obtained are grouped in Table
IV.5.

For Freundlich’'s model, by plotting In Qe as a function of In Ce, if the
variation of Qe as a function of In Ce is linear, we must obtain a straight line with a
slope equal to 1/n and ordinate at the origin equal to In kF. The modeling of the
sorption isotherms of methylene blue by the Freundlich relation Equation (I1. 11)is
presented in Figure 1V.24. The model parameters, as well as the correlation
coefficients, are given in Table V.2.

For the Temkin model, By plotting Qe as a function of In Ce, we obtain a
straight line with slope RT/BT and ordinate at the origin equal to RT/BT In AT. The
results of the modeling of the sorption isotherms by the Temkin relation Equation (I1.
13) is presented in Figure 1V.25. Temkin parameters and correlation coefficients are

given in Table IV.5.

» The results provided by the linear transform of the Freundlich model show
that the form of this equation gives an excellent fit of the experimental data
because the correlation coefficients obtained are very good (R =1) [307].

> In all cases, the correlation coefficients (K) obtained by form 1 of the
Langmuir equation are superior to those determined by the Freundlich and
Temkin relationship with all samples of Cs and CNC/ZnO NPs.

» By the Freundlich model, the linear regression is very good, with the averages
of the error percentages calculated by the Freundlich model being higher than
those given by the Langmuir and Temkin model in all the samples of Cs and
CNC/ ZnO NPs.

» The values of n are equal to 1 ( 1 >n > 0). This means that the sorption of BM
by Cs and CNC/ZnO NPs is favorable.

We can therefore conclude that the Freundlich equation gives a better adjustment of
the experimental data compared to the different forms of the Langmuir model and that

of Temkin.
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2.4. Adsorption thermodynamics

The adsorption process was determined by determining the thermodynamic
functions at different working temperatures( 25°C, 40°C, and 55°C). The standard
change for Gibb’s free energy AGe (kJ/mol), enthalpy AHe (kJ/mol), and entropy ASe
(kd/mol K) were calculated using the following equations ( Il. 16) and ( II. 17 ),
respectively[430] for MB dye adsorption onto the Cs and CNC/ZnONPs from peanut
shells and pea shells. The values of AH® and AS® can be calculated from the slope and

intercept of the plot of In KC versus 1/T, All of the thermodinamics parameters are
presented in Table I'V.6.

Y Csof peanut shells
Y Csof pea shells
CNC/ZnO NPs.M2
Y CNC/ZnO NPs.T2
@
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=
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Figure 1V.26: The Thermodynamics isotherm of MB dye adsorption on Cs and
CNC/ZnO NPs from peanut shells and pea shells at :( CO=(100 ppm, pH=7, T= 25+2
°C, and t= (05 to 75) min).

Table IV.6: Estimated Thermodynamics models parameters for MB adsorption on Cs

and CNC/ZnO NPs from peanut shells and pea shells at: ( CO=(100 ppm, pH=7, T=
25+2 °C, and t= (05 to 75) min ).
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AHP AS° AG° (kJ/mol)

(kd/mol)  (I/molK)

25°C 40°C 55°C

Cs of peanut shells -9.196 -20.733 -3.024 -2.691 -2.404  0.999

Cs of pea shells -5.694 -15.662 -0.997 -0.858 -0.521  0.958

CNC/ZnONPs.M2 10.314 32.462 0.709 -0.084 -0.0518  0.933

CNC/ZnONPs.T2 9.511 26.068 1.807 1.098 1.155  0.932

In the thermodynamic parameter for the CNC/ZnO NPs for peanut and pea
shells, AG®° has given the adsorption processes information. From Table V.6, the
AG®° exhibited decreasing values with an increase in temperature, this can be led to
the adsorption of MB as a degree of spontaneous process and thermodynamically
more favorable. In addition, the values of AG® were less than 60 KJ/mol confirming
the adsorption of MB dye on the CNC/ZnO NPs for peanut shells and pea shells was
physical sorption processes[431]. The value of AS° was found to be positive to
establish the increased randomness in the solid/liquid interface interaction during the
adsorption process. The positive values of AH® point out that the more interaction of
the CNC/ZnO NPs for peanut shells and pea shells with MB dye [432]. The obtained

results are confirming the adsorption process is endothermic.

In conclusion, about the Cs of peanut shells and pea shells, the value of AG® is
negative at all the temperatures studied, which indicates the favorability and

spontaneity of adsorption process[433].

Increasing the temperature does not favor the adsorption of this dye. The
adsorption phenomenon is exothermic, due to the negative value of the enthalpy AH®,
physisorption can be considered the predominant type of adsorption because AH°< 40
kJ/mol [434]. The negative value of AS° indicates that during adsorption on this
material, there is a decrease in disorder at the interface of the solid/solution system

caused by the dimensions of the adsorbate molecule[435].
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3. Evaluation the antimicrobial activities of CNCs and CNC
/ZnO NPs

Pathogenic bacteria and fungi cause a broad range of diseases in both humans
and animals. Extensive research and sophisticated scientific approach have become
inevitable for the establishment of new therapeutic values to overcome microbial
resistance and the nonselective and unsystemic use of antibiotics. In the study, the
well diffusion method ( WD ) on agar was used to study the antimicrobial activities of
CNCs and CNC/ZnO NPs extracted from peanut shells and pea shells against both
the Gram-positive bacteria (Staphylococcus aureus), Gram-negative bacteria
(Escherichia coli and Klebsiella pneumonia), and one fungus (Candida albicans).

Furthermore, the effect of the diffirent synthesis methods used in this study on
antimicrobial activity was investigated by measuring the inhibition zone of samples
different synthesis methods of CNCs and CNC/ZnO NPs.
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Escherichia coli ATCC 25922 Klebsiella pneumoniae ATCC 10031

)

Staphylococcus aureus ATCC 25923 Candida albicans ATCC 14053

Figure 1V.27 : The antimicrobial activities of CNCs and CNC/ZnO NPs extracted

from peanut shells and pea shells against both the bacteria and one fungus.

A: ZnO NPs, ( B: CNCs, C: CNC/ZnO NPs.M1, D: CNC/ZnO NPs.M2) from
peanut shells, ( E: CNCs , F: CNC/ZnO NPs.T1 , G: CNC/ZnO NPs.T1) from pea
shells, C*: Positif control ( Antibiotic Lévofloxacine), and C™: negative control
(DMSO0).
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In general, all tested strains showed dose-dependent inhibition susceptibility to

low concentration samples as a result of their insolubility in DMSO with bacterial and

fungal strains found to be the most sensitive. The inhibition zones shown in the Table

(V. 7).

Table IV. 7: The inhibition zones for the different samples of CNCs and CNC/ZnO
NPs from peanut shells and pea shells

Activity:

Antibacterial

Antifungal

Escherichia Klebsiella Staphylococcus Candida
bacterial strains: coli pneumonia aureus albicans
ATCC 25922 ATCC 10031 ATCC 25923 ATCC 14053
ZnO NPs 716 £0.235 7.16 £0.235 6.83 £0.235 14.33 £0.471
Peanut shells 7+ 0.00 6.83 £0.235 7.16 £0.235 8.16 +0.235
CNCs Pea shells 7+0.00 6.33+£0.471 6.33 £0.471 /
Peanut shells  10.33+0.471  11.33+0.471 11 +0.00 16.66 £ 0.471
CNC/ZnO NPs
Pea shells 9.66+£0.471  10.66£0.471 11 +0.00 15.66 £ 0.471
(First method)
Peanut shells  11.33 £0.471 11 +0.00 9.33£0.471 19.66 £ 0.471
CNC/ZnO NPs
Pea shells 12.83+0.235 12+00 12.83+0.235 18.33+0.471
(Second method)
Levofloxacin 29.33+£0.471 22.66+0.471 27.66x 0.471 /
DMSO / / / /

The obtained results showed that CNCs hybridized with ZnO NPs prepared by

both methods has a positive reaction and close sensitivity against all three tested gram

(-) and gram (+) strains, as the results of both samples are close and have almost the

same intensity of effect (ranging from 9 to 12 mm ). About the antifungal activity, it

showed a strong sensitivity against Candida albicans, as the sample prepared by the
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second method (between 19 mm and 18 mm) showed a higher inhibition than the
sample prepared by the first method (between 17 mm and 15 mm).

This confirms that CNC/ZnO NPs extracted from plant waste ( peanut and pea
shells) have antibacterial and antifungal properties. Whereas, the antibiotic used in
general represented a strong inhibition of all tested bacterial strains except for
Candida albicans. Although this inhibition varies from one strain to another, it
remains superior to studied samples.

The obtained results showed that CNCs hybridized with ZnO NPs prepared by
both methods has a positive reaction and close sensitivity against all three tested gram
(-) and gram (+) strains, as the results of both samples are close and have almost the
same intensity of effect ( ranging from 9 to 11 mm and 9 to 12 mm from peanut and
pea shells, respectively ). About the antifungal activity, it showed a strong sensitivity
against Candida albicans, as the sample prepared by the second method showed a
higher inhibition (19 mm and 18 mm from peanut and pea shells, respectively) than
the sample prepared by the first method (17 mm and 15 mm from peanut and pea
shells respectively).

This confirms that CNC/ZnO NPs extracted from plant waste ( peanut and pea
shells) have antibacterial and antifungal properties. Whereas, the antibiotic used in
general represented a strong inhibition of all tested bacterial strains except for
Candida albicans. Although this inhibition varies from one strain to another, it
remains superior to studied samples.

From these results, the addition of ZnO NPs was proven to be able to increase
the ability of CNCs to inhibit bacteria by 3 to 4 mm in the 1Z, and to inhibit fungi by
8.5 mmand 11.5 mm in the IZ in CNC/ZnO NPs. On the other hand, the addition of
ZnO NPs more percentage to CNCs did not show an increment in the area of
inhibition. This could be due to the limited ability of ZnO NPs to bind CNCs. Based
on the chemical structure of CNCs and ZnO NPs, the bonds that occurred in the
biocomposite are strong hydrogen bonds between the hydroxyl group of ZnO NPs
dissolved in water and the hydroxyl group of CNCs. From the dissolution difficulty of
CNCs and ZnO NPs, can be not bound all CNCs by ZnO NPs [436].

The search for natural additives, especially economical additives, has
increased dramatically in recent years as consumers become increasingly concerned
about foods containing such artificial additives. Therefore, it is necessary and

beneficial to develop natural products with antibacterial activity [437].
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Based on the significant antibacterial and antifungal activity, and in addition to
its distinctive physical and chemical properties for CNC/ZnO NPs for example very
weak solubility in water and DMSO solution. We can be used CNCs, CNC/ZnO-NPs
as an effective antimicrobial material either in pristine form or in combination or
carrier for antibiotics.

Padmavathy et al [438], ZnO NPs also have an abrasive surface roughness that
impairs the antibacterial process and destroys the bacterial membrane of both
Grampositive and Gram-negative bacteria. Jones et alinvestigated the antibacterial
activity of ZnO, TiO;, CuO, CeO; AlOs;, and MgO against the
bacteriumStaphylococcus aureusand compared their antibacterial activities. The ZnO
NPs among them and showed significant growth inhibition [439].

According Candan et al [440], the effect of water-soluble substances is
weaker than that of water-insoluble substances. This may indicate that water-insoluble
compound molecules can insert themselves into and disrupt bacterial cell membranes.

Yamamoto et al, investigated the ability of Escherichia coli and
Staphylococcus aureus to control bacteria cultured in an infusion medium to the
influence of ZnO NPs size. It was found that the antibacterial activity increased with
decreasing particle size. Regarding our antifungal activity results, they are interesting.
Therefore, it is necessary and beneficial to develop natural products with antibacterial
activity [441].

The biocomposite CNC/ZnO NPs.M2 was chosen to be the most optimum
sample with the optical and morphological properties with anti-microbial activities
tested. Regarding our antifungal activity results, they are interesting. Therefore,
further studies on the preparation conditions of this compound are required to pave
the way for the development of potential new drugs for the treatment of drug-resistant

opportunistic fungal infections.

+ The antibacterial mechanisms of CNC/ZnO NPs

Antimicrobials are defined as substances used to destroy microorganisms or
prevent their growth and include antibiotics and other antibacterial and antifungal
agents. The biocomposite mixture is thought to be able to inhibit microbes by several

mechanisms.
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The first mechanism suggests that CNC/ZnO NPs enable the formation of
reactive oxygen species (ROS) such as hydroxyl ions and hydrogen peroxide, which
causes oxidative stress and damages the cell membrane and DNA, leading to bacterial
death [439, 442].

The second mechanism by the dissolution of CNC/ZnO NPs into zinc ions, which
is known to inhibit several bacterial cells activities by destroying the structure of cell
walls and denaturing proteins, interfering with enzymeand amino acid metabolisms
causing bacterial death [395, 443, 444].

The third mechanism propose that CNC/ZnO NPs interact directly with cell
membrane through electrostatic forces, which damages the membrane plasma, and
causes intracellular content leaks[437, 445, 446].

This happends because the process of inhibiting the growth of microorganisms
is generally caused by several things including the presence of disruptive compounds
on the cell walls, causing increased cell membrane permeability resulting in loss of
cell components, inactivity of enzymes in cells, and the process of destruction or

damage to genetic material [447, 448].

Conclusion

Cellulose, which is found in abundance on Earth, is the primary building block
of plant cell walls. Its chemical properties allow for modification, making it useful in
a wide range of applications. The originality of this work is the good results that were
found based on the recycling of plant waste represented in peanut shells and pea
shells. In this work, CNCs were extracted from peanut shells by acid treatment
method using different concentrations of H2SO4 solution (36%, 38%, and 40%) as a
shape, size, and crystallinity index.

The particle size of CNCs from different Ch2sos = ( 36%, 38%, and 40%) are
11.82 nm, 11.90 nm, and 8.88 nm, and the crystallinity index is 69.71%, 68.75%, and
77.95%, respectively. Also, with acid treatment method was used to obtain CNCs
from pea shells by using an H2SO4 solution (concentration = 40%) as a shape, size,
and crystallinity index. The particle size of CNCs is 12.28nm, and the crystallinity
index is 73.38%.

Then, the CNC/ZnO NPs compound was prepared by two different techniques.

In the first stage, we relied on the first technique of dissolving cellulose in a basic
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solution, while in the second technique, we used cellulose crystals directly without
dissolving them. In the second stage, ZnO NPs were prepared by sol-gel synthesis
method on the CNCs. The particle size of CNC/ZnO NPs from the first method and
second methods is 20.14 nm and 27.31 nm, and the band gap energies are 3.66 eV and
3.66 eV, respectively from peanut shells. Also, from pea shells, the particle size of
CNC/ZnO NPs from the first technique and second technique from pea shells is 19.64
nm and 19.99 nm, and the band gap energies are 3.27 eV and 3.27 eV, respectively.
The Cs and CNC/ZnO NPs prepared by second methods extracted from peanut
shells and pea shells were tested in removing methyl blue dye by adsorption process.
Various variables were studied ( mass, contact time, initial concentration, pH, and

temperature).

From the obtained results, an unexpected opposite result was shown that Cs
alone were more efficient than the CNC/ZnO NPs in removing BM dye.Upon
adsorption of positive MB dye, the adsorption results obtained by cellulose were
better than cellulose modified with zinc oxide. The equilibration time is almost
identical for all kinetics performed between 5 to 75 minutes for all studied
concentrations. An increase in the mass, initial concentration, and pH of dye leads to

an increase in the amount adsorbed on the surface of the different adsorbents.

The higher the temperature, the more positive effect ( increased adsorption
capacity) on the CNC/ZnO NPs but on the pure Cs is the negative effect (decreased
adsorption capacity).The maximum adsorption capacity (Qmax) of BM dye for Cs
and CNC/ZnO NPs extracted from peanut shells are 69.01 and 39.5 mg/g,
respectively. For Cs and CNC/ZnO NPs extracted from pea shells are 45.48 and 27.22

mg/g, respectively.

Adsorption Kkinetics The adsorption process takes place in two steps: a very
fast first phase of less than 30 minutes duration and a second phase of equilibrium
after 30 minutes. These Kinetics have been modeled by several models, the model that

best describes experimental results is the pseudo-second-order model.

The antimicrobial activities of biosynthesized CNC/ZnO NPs synthesized by
two different methods from peanut shells and pea shells were tested using the well

diffusion method.
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all samples of CNC/ZnO NPs have shown significant antibacterial activity
against both gram-positive and gram-negative bacteria and fungi. However, the
activity was strongly influenced by the method used for the synthesis of CNC/ZnO
NPs; higher antimicrobial activities were obtained in samples synthesized by the first
method.
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General conclusion

General Conclusion

This work aims to exploit agricultural waste, specifically peanut shells and pea
shells, for the synthesis of nanocomposite cellulose/zinc oxide (CNC/ZnO NPs).
Several preliminary treatments were conducted on the waste to obtain pure cellulose,
followed by acid chemotherapy with H2SO4 to convert it into nanocellulose.

The chemical method Sol-Gel was used to synthesize the ZnO NPs on the
CNCs in two different states. Consequently, CNC/ZnO NPs were obtained using two
methods: the first method involved cellulose dissolution with an alkaline solution (a
mixture of NaOH and urea), while the second method used CNCs without any
adjustments.

Various characterization techniques were employed to confirm and analyze
the CNC/ZnO NPs prepared using the two different methods. The optical properties,
visible ultraviolet radiation, and FTIR analysis demonstrated distinctive absorption
ranges, confirming the formation of ZnO NPs on CNCs. Additionally, FTIR analysis
revealed differences across all stages, from the peanut and pea shells (the source of
cellulose production) to the CNC/ZnO NPs. These differences proved the
effectiveness of removing non-cellulose materials and the presence of the Zn-O bond,
validating the successful formation of CNC/ZnO NPs.

XRD analysis results exhibited common peaks in all Cs and CNCs samples
derived from peanut and pea shells, as well as distinct peaks indicating ZnO formation
in CNC/ZnO NPs samples from both methods.

SEM analysis indicated different forms of the prepared nano compound using
the two methods. In the first method, ZnO NPs covered every point on the CNCs
surface, resulting in a smooth surface without any abnormalities. In contrast, the
second method showed random and scattered positions of ZnO NPs on CNCs.
Additionally, chemical element analysis corresponded with the XRD results,
confirming the purity of all prepared samples and the absence of impurities, thereby
enhancing the success of the preparation steps and methods.

The adsorption experiments demonstrated that the adsorption capacity of BM
dye on cellulose samples and CNC/ZnO NPs was directly proportional to most of the

studied variables (mass, time, pH, and initial concentration).
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Also, the increase in temperature has a direct effect on the CNC/ZnO NPs, but
an inverse effect on Cs. Adsorption isotherm modeling revealed that the Freundlich
model is the most suitable for describing the isotherm in all Cs and CNC/ZnO NPs
samples. Adsorption kinetic modeling demonstrated that the pseudo-second-order
model is the most appropriate for describing the adsorption kinetics. Thermodynamic
results indicated that the adsorption on cellulose was an endothermic process, while
on the nanocomposite it was exothermic. The values of AH® were less than 60
KJ/mol, and the negative AG° confirmed the physical and favorable adsorption of MB
dye on Cs and CNC/ZnO NPs.

The antimicrobial activities of all Cs and CNC/ZnO NPs samples were
evaluated, and it was observed that the hybridization of cellulose with ZnO NPs
significantly enhanced its effectiveness against both Gram-positive and Gram-
negative bacteria as well as fungi. The results were highly promising and satisfactory,
as they demonstrated the inhibition of bacterial and fungal growth. Furthermore, the
activity was strongly influenced by the method used for the synthesis of CNC/ZnO
NPs, with higher antimicrobial activity observed in samples prepared using the first
method.

The obtained results have proven that:

e Regardless of the number of sources used in the extraction of cellulose, the
resulting cellulose is chemically the same. However, there are differences in
its physical properties, such as size, shape, color, and hardness. This was
demonstrated by its behavior and effects observed in the study of adsorption,
antibacterial, and antifungal properties.

e The hybridization process of cellulose with ZnO NPs did not enhance its
effectiveness in removing methyl blue dye from aqueous solutions. The results
obtained using cellulose alone as an adsorbent were better than those obtained
using CNC/ZnONPs.

e The successful hybridization of cellulose with ZnO NPs was evident in its
antibacterial and antifungal activity. The results obtained using CNC/ZnONPs
were better than those obtained using cellulose alone.

e Based on these findings, cellulose, and CNC/ZnONPs can be utilized as active
agents for the purification and removal of dyes from aqueous solutions. This

promising application opens new horizons for the use of cellulose and its
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derived nanomaterials in improving water quality and environmental
protection.

CNC/ZnO NPs offer interesting properties that make them excellent
alternatives for targeted drug delivery and controlling the growth of

microorganisms and toxins in food.
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