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Abstract: The dire need for environmental conservation has spurred the exploration of novel approaches for
developing biodegradable and sustainable materials sourced from natural origins, particularly for engineering
applications and these include cellulose. Utilizing coffee husks, a waste product from coffee production, offers a
sustainable source of cellulose, effectively diverting waste from the environment and turning it into a valuable
and profitable resource. The cellulose content within coffee husks were extracted through alkaline treatment, after
which, acid hydrolysis was done, yielding cellulose nanocrystals (CNCs) that were utilised to create iridescent
films. The process involved treating the coffee husks with sodium hydroxide to obtain cellulose, followed by
bleaching with sodium hypochlorite. Acid hydrolysis using gaseous HCI was then employed yielding cellulose
nanocrystals. The application of HCI improved the iridescent film quality for secure sheets by preventing the
whiskers that are usually seen when sulfuric acid is used. This raises the overall quality and security of the finished
product. To avoid contamination, the CNC suspension was carefully transferred into Petri dishes made of
polystyrene, and the suspension evaporated at controlled temperature in an oven, resulting in a solid CNC film.
To introduce patterns on the film, the Petri dish containing the CNC suspension was placed on a mold engraved
with a specific pattern. Heating of the mold imparted different colors onto the film. The outcome of heating the
CNC Suspension involved the self-assembly of CNCs into a multitude of colorful and iridescent films possessing
unique optical properties. Additionally, these films exhibited water resistance, luminous color variations based on
viewing angles, fluorescence, and reflection of left-handed circularly. The value addition of coffee husk waste,
which makes it a cleaner environmental product while producing security sheets, is the significance of this work
particularly the inclusion of cyclic redundancy, which guarantees improved security features.

Keywords: cellulose nanocrystals; pattern forming object; optical variable devices; iridescent film; circularly
polarized light

1. Introduction

Coffee is a crucial agricultural product and one of the leading agricultural commodities globally. An average
of 167.26 million bags of coffee were consumed in the year 2020-2021, representing a 1.9% increase compared
to the previous year. However, coffee production generates significant waste during processing, with over 50%
of the coffee bean being discarded [1]. These waste products, including coffee husks and pulp, are currently not
fully utilized profitably and are often inappropriately discarded, leading to environmental concerns due to their
organic compound content [2]. Annually, global coffee production generates millions of tons of byproducts, with
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coffee husks comprising a substantial share. The production volume of coffee husks varies yearly, driven by
factors including consumption patterns, harvest yields, and processing methods. Leading coffee-producing nations
such as Brazil, Vietnam, Colombia, Indonesia, and Ethiopia play a significant role in coffee husk production
owing to their extensive coffee cultivation practices [3].

Coffee husks typically contain varying amounts of cellulose, hemicellulose, lignin, and other organic
compounds. Cellulose, a vital polysaccharide forming the structural component of plant cell walls, is particularly
noteworthy for its potential industrial applications. Studies have indicated cellulose content in coffee husks
ranging from 30% to 50%, positioning them as a promising source of renewable cellulose for various industrial
processes [4]. Cellulose, the most abundant natural linear biopolymer, possesses exceptional mechanical
properties. With the growing emphasis on environmental conservation, there is a strong research focus on
producing biodegradable and green bio-based products from natural sources for various engineering applications
[5, 6]. Various effective methods have emerged for utilizing coffee husks. These include their use as a feedstock
for biofuel production through pyrolysis or fermentation processes. Once treated to eliminate caffeine and tannins,
they become valuable feed supplements for livestock. Composting coffee husks generates nutrient-rich organic
fertilizer, enhancing soil fertility and plant growth. They can also be integrated into biocomposite materials for
diverse industrial applications such as construction and packaging. Some studies explore their potential in
adsorbing pollutants from wastewater, aiding in environmental cleanup. Moreover, extracts from coffee husks
contain bioactive compounds with antioxidant and antimicrobial properties, presenting opportunities for
incorporation into functional foods and beverages [7]. Utilizing agro-wastes, including coffee husks, offers an
opportunity to add value to waste products and develop renewable and profitable materials [8]. The cellulose in
coffee husks was extracted through a process involving treatment with sodium hydroxide, bleaching with
hydrogen peroxide, and subsequent treating with hydrochloric acid, resulting in cellulose nanocrystals (CNC).

Nanotechnology, involving the manipulation of matter on a near-atomic scale and offering the potential to
create new structures, materials, and devices, finds applications in various fields, including pulp and paper.[9, 10].
Nanotechnology has provided opportunities for enhancing the properties of packaging materials, such as increased
strength, resistance to water and fire, and antimicrobial properties, thereby benefiting the pulp and paper industry
[11].

The conversion of cellulose into cellulose nanocrystals (CNC) has shown promise, and advanced
technologies, such as chemical and enzymatic pre-treatment, can effectively minimize the associated energy-
intensive and costly challenges [12]. Acid hydrolysis is the preferred method for converting cellulose into
nanocrystals. CNC finds applications in materials engineering, biodegradable packaging, aerospace and
automotive industries, drug delivery, wound healing patches, electronics, and coatings [13]. In the realm of paper,
CNC enhances surface gloss, mechanical properties, and printability of coated papers. The unique properties of
CNC, including its ability to form an iridescent film with desirable optical characteristics due to the presence of
hydroxyl groups, make it suitable for applications such as generating optical security seals.

Security features are categorized into three levels: overt, covert, and forensic. Cellulose nanocrystals (CNC)
self-assemble into colorful and iridescent films with unique optical properties, including color-shifting and left-
handed circular polarization, providing covert security. The cost-effectiveness and simplicity of producing CNC-
based iridescent films make them suitable for various applications, such as medicinal seals and money security,
while their integration can make counterfeiting nearly impossible [14].

The reference underscores the environmental significance of coffee waste pollution, particularly in Central
America, emphasizing its detrimental effects on ecosystems and water sources due to improper disposal practices.
It also highlights the hazardous compounds in coffee bean husks. The referenced work seeks to address this urgent
issue [15, 16].

Coffee husks were utilized in this study as a promising solution to address environmental concerns. The
extracted cellulose from coffee husks can be further processed into cellulose nanocrystals, which have the
potential to create advanced iridescent optical security features, thereby enhancing information security and
authentication methods. Researchers from diverse fields are increasingly drawn to sustainable biomaterials as
alternatives to petroleum-based ones due to their renewable nature, biodegradability, and reduced reliance on
harmful additives, addressing sustainability concerns [17].

Recent cyber-attacks have driven the development of advanced optical security features, including two-piece
meta-material systems and cellulose nanocrystals, to enhance forgery protection and information encryption,
offering increased security for high-value items like banknotes [18]. Cellulose nanocrystals can be utilized to
produce iridescent films that serve as optical security features.
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2. Related Work

Research on coffee husks has examined their composition as well as the degree of environmental
contamination they cause. To identify the chemical components and possible uses of coffee husks, researchers
have carefully examined their complex composition. Furthermore, the purpose of these studies has been to clarify
the ecological effects of coffee husk disposal by explaining the potential effects of their decomposition or
incineration on the quality of the air, soil, and water. Scientists examine the quantitative and qualitative
characteristics of coffee husks in order to develop sustainable management strategies that will lessen their negative
environmental impact [1, 16, 19-25].

An extensive body of research has been conducted on the structure and connections of cellulose, using a
variety of extraction techniques to separate this essential biopolymer from its precursor materials. Scholars have
laboriously scrutinised the complex structure of cellulose molecules, unravelling the complexities of its polymer
chains and intermolecular bonding. In addition, a wide range of extraction methods have been used, each
specifically designed to maximise the yield and purity of cellulose, from conventional chemical treatments to
state-of-the-art enzymatic procedures. Researchers work to fully realise the potential of cellulose in a variety of
applications, from cutting-edge biomedical scaffolds to sustainable packaging materials, by improving extraction
procedures. A new era of sustainable materials is being ushered in by the scientific community's multidisciplinary
efforts to maximise cellulose's versatility while reducing its environmental impact [26-30].

This study explores the complex field of cellulose extraction by employing Bronsted acids in conjunction
with an alkaline treatment and acid hydrolysis approach. The objective of the research was to obtain the best
possible cellulose yield and purity from the source material by utilising these flexible techniques. The process of
alkaline treatment breaks the bonds that bind cellulose to other substances, which makes it easier to separate the
cellulose fibres later on. On the other hand, cellulose can be broken down into its component glucose units by
acid hydrolysis, which offers important information about the structural characteristics of cellulose. Bronsted acid
additions also give the extraction process a catalytic component, which improves selectivity and efficiency. This
work illuminates the cooperative interaction between various extraction techniques via rigorous testing and
analysis, opening the way for advancements in cellulose research and applications [31, 32].

The way in which the rod-like shapes are arranged strategically is crucial to understanding how the iridescent
film is produced and how it evokes the enthralling iridescence that is seen. In order to achieve the desired iridescent
effect, researchers carefully engineered the arrangement of these rod-like structures, utilising their special optical
properties. The goal of the project was to identify the fundamental mechanisms guiding the formation of
iridescence by carefully manipulating variables like the size, orientation, and spacing of these structures. This
work adds to the developing field of photonic materials by clarifying the relationship between structure and optical
behaviour, with potential uses ranging from biomedical diagnostics to advanced displays [33-37].

This ground-breaking study demonstrates the transforming potential of coffee husk waste by demonstrating
its ability to produce iridescent paper, which adds a substantial value to what was previously thought to be just
waste material. Through creative reuse of coffee husks, researchers reduce pollution in the environment and open
up new possibilities for the development of sustainable materials. The resulting iridescent paper reflects a
paradigm shift towards the ideals of the circular economy, while also captivating with its aesthetic appeal. This
creative method not only gives waste streams a real value addition, but it also promotes a resource utilisation
strategy that is both economically and environmentally sound. The study highlights the value of innovative
thinking and interdisciplinary cooperation in tackling urgent environmental issues and expanding the horizons of
material science through such ground-breaking initiatives.

3. Material and Methods

High-quality reagents and chemicals were sourced from Kobian Kenya Limited, an authorized distributor of
Sigma Aldrich in Kenya. Distilled water was employed for the formulation of reagents and for dilution purposes.
The coffee husks were procured from Dedan Kimathi University's agricultural grounds.

3.1 Extraction and purification of Cellulose from coffee Husks

The extraction and purification of cellulose from coffee husks were conducted following a series of well-
defined steps. These processes have been described in a previous study [31].

3.1.1 Alkali Treatment of Cellulose
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The coffee husks underwent air drying and sieving to attain an average particle size ranging from 2 to 3 mm.
Subsequently, 4% by weight of finely ground coffee husks was added, establishing a sodium hydroxide-to-water
ratio of 1:20. The mixture underwent reflux for a duration of 3 hours with continuous stirring. The resulting solid
was filtered and subjected to multiple rinses with distilled water to ensure the complete removal of the alkali. This
entire procedure was iterated three times to ensure its comprehensive effectiveness.

3.1.2 Bleaching Treatment

During the bleaching procedure, equivalent amounts of sodium chlorite (1.7% by weight), acetate buffer
solution, and water were mixed with the solid previously treated with alkali, maintaining a mass ratio of 1:20. The
blend was subjected to reflux conditions for 4 hours, and this series of steps was iterated approximately three
times until the samples attained full whiteness. Following that, the samples were filtered and subjected to several
rinses with distilled water to remove any remnants of the bleaching solution.

3.2 Extraction and Purification of Cellulose nanocrystals

3.2.1 Acid Hydrolysis

The synthesis of cellulose nanocrystals involved subjecting the obtained bleached sample to acid hydrolysis,
following the procedures specified in references [31, 38]. The sample was treated with a solution containing 7.5%
of the sample's weight and 36% hydrochloric acid (wt/wt) at a temperature of 50 €€ for 40 minutes, with
continuous agitation. Following this, the hydrolysed cellulose sample underwent multiple washes with distilled
water using centrifugation at 14,000 rpm for 30 minutes to concentrate the cellulose material and remove excess
acid. This washing process continued until a stable pH was reached. The subsequent step involved neutralizing
the suspension by introducing a 10% ion resin for a 24-hour period. Afterward, the resin was separated from the
suspension via vacuum filtration using a filter, and the resulting CNC suspension filtrate underwent 30 minutes
of sonication in an ice bath. Finally, the suspension was refrigerated for further analysis.

3.3 Generation of Iridescent Patterns on Solid Film of Cellulose Nanocrystals

Petri dishes made of polystyrene were filled with an aqueous suspension containing cellulose nanocrystals
at varied concentrations (10 and 50 grams per liter) that had been quantified. The suspension was then allowed to
evaporate in either room temperature or in an oven that was specifically set to 65<C. Solid CNC films weighing
between 60 and 70 milligrams on average and having an average thickness of 75 micrometers per film were
produced by this process.

In order to create a pattern, the Petri dish with the CNC suspension was placed on top of a metal item with a
specific shape that was called the pattern-forming object (PFO). To produce a variety of colors on the film, heating
or cooling procedures were applied to the PFO. Ultimately, a thorough examination of the resulting movie was
done.

3.4 Instrumentation

Using a Fourier Transform Infrared spectrophotometer (JASCO FT/IR-4700) before and after each
modification process, attached functional groups were verified and identified. The results included the FTIR
results. Scanning Electron Microscopy (SEM) was utilized to analyze the microstructure of the material after
different treatments: untreated, alkali-treated, and bleached samples. The samples were stored in desiccators
containing P20s for two weeks at 25 <C before conducting SEM observations. The SEM analysis was performed
thrice, and the samples were gold-coated and observed using an accelerating voltage of 15kV. UV/Vis
spectrophotometers cover a broad range of wavelengths, usually from about 200nm to 800 nm and XRD analysis
involves placing a cellulose sample in the XRD instrument. The X-rays are directed at the sample, and the resulting
diffraction pattern (XRD pattern) is recorded. The XRD pattern consists of diffraction peaks at specific angles,
which correspond to the spacing between planes of atoms in the crystal lattice.

4. Results and Discussion

4.1 Extraction and Purification of Cellulose from Coffee Husks
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4.1.1 Alkali Treatment of Cellulose

On treatment with the alkali the cellulose changed colour, this is an indicator that hemicellulose was removed.
The colour change is illustrated in fig1[39].

Cellulose exhibits a strong, crystalline structure resistant to hydrolysis, whereas hemicellulose, with its lower
molecular weight and amorphous structure, readily undergoes hydrolysis and biodegradation through the action
of specific enzymes produced by bacteria and fungi [39].

Upon introducing sodium hypochlorite, the cellulose underwent a noticeable transformation from a dark
black-brown color to a pristine white shade. This shift serves as a clear indication that the bleaching process
occurred, as depicted in figures 2 and 3. The objective of this bleaching was to guarantee that the cellulose no
longer exhibited any light-absorbing or light-blocking properties during subsequent analysis and the fabrication
of the iridescent film. The mass of the Cellulose obtained was 127 grams.

Figure 1. Coffee husks after alkaline treatment with NaOH. The image depicts coffee husks following treatment with NaOH, resulting in
a notable transformation in color to dark brown. This change is attributed to the process of de-lignification and the removal of hemicellulose,
which are key steps in the alkaline treatment procedure. The dark brown hue observed in the treated coffee husks signifies the successful
alteration of their chemical composition, indicative of potential modifications in their structural properties.

Figure 2. Cellulose initial bleaching. The figure illustrates the cellulose material at the beginning of the bleaching process. Prior to
treatment with sodium hypochlorite, the cellulose exhibits a dark black-brown coloration. This initial state serves as a baseline for
comparison to subsequent stages of the bleaching process

Figure 3. Cellulose final bleaching. The figure displays the cellulose material after completion of the bleaching process. Following
treatment with sodium hypochlorite, the cellulose undergoes a dramatic transformation, transitioning to a pristine white shade. This distinct
color change signifies the successful completion of the bleaching process, as depicted in both Figures 2 and 3

4.2 Characterizing Cellulose Nanocrystals

4.2.1 Acid Hydrolysis

In the realm of scientific practice, precise acid hydrolysis techniques are harnessed to isolate cellulose
nanocrystals (CNCs) from their original cellulose origins. This controlled hydrolysis process entails the
introduction of acidic sulfate ester groups to the surfaces of CNCs by means of sulfuric acid. This chemical
modification imparts a negative charge to the surface of the nanocrystals.[34, 40]. Above a critical concentration,
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CNCs possess a rod-like shape and negative surface charge, leading to the formation of electrostatically stable
colloidal suspensions that undergo phase separation into an upper random phase and a lower ordered phase, the
ordered phase corresponds to a chiral nematic liquid crystal, wherein the CNCs are arranged in pseudoplanes [34].

Cellulose nanocrystals are prepared via acid hydrolysis, a process that breaks down the B-1,4-glycosidic
bonds of cellulose, a biopolymer composed of glucose units, resulting in the production of glucose molecules or
oligosaccharides [41]. Hydrolysis of cellulose polymers occurs when the 3-1,4-glycosidic bonds are cleaved by
acids, leading to the formation of glucose or oligosaccharides. There are two main types of cellulose hydrolysis:
enzymatic hydrolysis and chemical hydrolysis using dilute or concentrated acids. The characteristics of the
cellulose material, temperature, reactant concentrations, and reaction time significantly influence both types of
hydrolysis. These factors directly impact the kinetics, energy transfers, and mass transfer during the hydrolysis
process.

Enzymatic hydrolysis of cellulose begins with the reaction between an acidic proton and oxygen, forming a
conjugated corresponding acid and bonding two glucose units. The cleavage of the C-O bond occurs, followed by
the formation of a cyclic carbocation. Rapid addition of water leads to the formation of a sugar molecule and the
release of a proton [42]. In the polysaccharide chain, the formation of the intermediate carbocation is faster at the
chain end compared to the middle region.

Acid treatment, specifically acid hydrolysis, is the primary method for producing cellulose nanocrystals
(CNCs), which are smaller units obtained from the initial cellulose fibers. Cellulose fibers consist of both
amorphous and crystalline regions. Through harsh acid treatment, the amorphous regions, which have lower
density compared to the crystalline regions, break down, resulting in the release of individual crystallites. These
crystals exhibit negatively charged surfaces, enabling their dispersion in water. In aqueous suspension, CNC
particles are randomly oriented at low concentrations, forming an isotropic phase. However, as the concentration
reaches a critical value, a chiral nematic ordering emerges, transforming the CNC suspensions into an anisotropic
chiral nematic liquid crystalline phase [43]. CNC surfaces possess abundant hydroxyl groups, providing sites for
various chemical reactions.

During acid treatment, the amorphous regions of cellulose are removed, resulting in the purification of
cellulose nanocrystals (CNCs). The hydrolysis process involves the penetration of hydronium ions into the more
accessible amorphous regions of cellulose, causing the cleavage of glycosidic bonds and the subsequent release
of individual crystallites [44]. These crystallites align parallel to each other, leading to an increase in the overall
crystallinity of the cellulose. The chemical structure of cellulose contributes to the high crystallinity observed in
CNCs, as each monomer contains three hydroxyl groups that can participate in inter- and intra-molecular hydrogen
bonding, resulting in a highly compact system [45]. In the case of hydrochloric acid, it dissociates into H* and CI-
ions.

Acid Dissociation and
Cellulose Hydrolysis:

HCl— H' +CI

gt
0 " o

Figure 4. Acid hydrolysis equation. The process of acid hydrolysis acting on cellulose molecules is shown in this image. The amorphous
portions of cellulose are broken down more quickly by acid hydrolysis, leaving intact crystalline structures in their place. The reaction that is
shown here clarifies the process by which an acid treatment breaks specific bonds in cellulose, causing less ordered areas to degrade while
the crystalline cellulose structure is preserved
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The reaction is shown in the figure 4. This reaction enables the breakdown of the amorphous parts leaving
behind intact crystals that are in suspension just as in figure 5.
To calculate the yield of CNC obtained the formular below was used.
Yield (%) = Final mass of CNCs obtained/Initial mass of cellulose material <L00%
Yield (%) = 68.23/125.98*100=54.16%

Figure 5. Iridescent Film Formation Using CNC Crystals. This diagram illustrates the generation of an iridescent film utilizing CNC
(Cellulose Nanocrystal) crystals. CNC crystals, renowned for their light-bending properties, play a pivotal role in creating the captivating
array of color shades observed on the film. The interaction of light with these CNC crystals results in diffraction and interference
phenomena, giving rise to the iridescent effect characteristic of the film. This depiction elucidates how CNC crystals contribute to the
optical properties of the film, showcasing their potential in innovative material applications

This crystals are used to generate the iridescent film, due to their ability to bend light thus forming the
different color shades on the film.

4.3 Generation of iridescent patterns on solid film of cellulose nanocrystals

This study successfully showed that iridescent patterns on cellulose nanocrystal (CNC) films can be obtained
through a controlled process known as evaporation-induced self-assembly (EISA). In the research, meticulous
implementation of EISA facilitated the achievement of mesmerizing and distinct iridescence on solid film CNCs.
The CNC suspension exhibited unique anisotropic liquid crystalline behavior, forming left-handed chiral nematic
helical structures during this process. These structures involve a periodic rotation in the orientation of the CNC
layers, resulting in iridescent colors when the helical pitch 'p' falls within the visible spectrum range. This
phenomenon was observed and confirmed through various experimental methods, including polarized optical
microscopy.

Furthermore, the specific properties of the CNC suspension and the conditions during film formation allowed
manipulation of the chiral nematic pitch and, consequently, the reflected wavelengths and colors. By adjusting
factors such as electrolyte concentration and sonication, we could shift the iridescent colors towards shorter or
longer wavelengths. The ability to control the reflected colors demonstrated the precision and predictability of the
iridescent film fabrication process [40, 43, 46, 47].

Chiral nematic CNC films exhibit the reflection of left-handed circularly polarized light within a wavelength
band determined by the pitch. The reflected wavelength, denoted as nP, where n represents the average refractive
index of the film (n = 1.55 for CNC), P signifies the chiral nematic pitch, and h represents the angle of reflection
with respect to the film's surface. When the value of nP falls between 400 and 700 nm, the reflected wavelength
shortens at oblique viewing angles, resulting in the generation of vibrant colors perceived as iridescence. The
chiral nematic peak typically occurs within the range of 250 to 450 nm.
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Figure 6. Isotropic and Chiral Nematic Phases of CNC Suspension. This figure illustrates the isotropic and chiral nematic phases
observed in the CNC (Cellulose Nanocrystal) suspension. Of particular interest in this research is the chiral nematic phase, characterized by
its unique arrangement that enables the reflection of specific wavelengths of light, resulting in the creation of diverse surface color films.
The depiction highlights the significance of understanding the structural organization of the chiral nematic phase in leveraging its optical
properties for applications in creating vibrant and dynamic color films

By adjusting the electrolyte concentration of the CNC suspension prior to film casting [39] or employing
high-energy sonication, which we observed and carried out the reflected colors of iridescent CNC films can be
shifted towards shorter wavelengths. In contrast to sulfuric acid, the use of hydrochloric acid reduces interparticle
electrostatic repulsion and results in a predictable reduction in pitch. According to Di Giorgio [48], controlled
sonication of CNC suspensions can increase the chiral nematic pitch and shift the peak reflection wavelength of
resulting films towards longer wavelengths. Typically, the pitch in dried CNC films is comparable to the
wavelength of visible light, giving rise to vibrant colors and iridescence that vary with the viewing angle. However,
the absence of color and iridescence does not imply the absence of chirality in the films; it simply suggests that
the pitch is either red-shifted or blue-shifted beyond the visual range. In certain cases, visibly clear films can be
achieved, possibly due to electrostatic effects. By introducing additives, the reflection band in solid chiral nematic
CNC films can be selectively shifted towards longer (red-shift) or shorter (blue-shift) wavelengths. This technique
alters the heat transfer kinetics in different regions of the evaporating CNC suspension by utilizing pattern-forming
objects (PFOs) during film casting. During the film casting process, a predetermined quantity of aqueous CNC
solution was applied onto polystyrene Petri dishes. The mixture was subsequently allowed to evaporate under
controlled conditions in an oven, typically within the temperature range of 30-50 <C. This process yielded solid
CNC films with thicknesses ranging from 60 to 83 m and an average weight of 65-75 g/m?. To generate unique
patterns, the Petri dish containing the CNC suspension was placed on top of a metal pattern-forming object (PFO),
which was either heated accordingly.

202212211256 TR

Figure 7. CNC suspension in petri dish, in an oven. It illustrates the process of forming a CNC film. Initially, the CNC suspension is
placed on a petri dish inside an oven. As the temperature is raised, the CNC suspension evaporates, resulting in the formation of a film. A
PFO is positioned below the petri dish during this process

Aniridescent solid film with a recognizable pattern in the shape of the PFO is created when CNC suspensions
are evaporated with a portion of the container in contact with a pattern-forming object (PFO) at a temperature
higher than the surrounding material. The pattern reflects longer wavelengths than the surrounding film areas and
has nearly identical dimensions to the PFO, which suggests that the self-assembled chiral nematic structure has a
larger pitch. Pattern formation is done by local heating by heating the suspension, in the petri dish and PFO
assembly in an oven placed below the petri dish. In relation to the surrounding suspension, a heated or cooled
PFO will heat or cool the suspension above it. The vessel containing the CNC suspension is spaced from the heat
source when casting CNC films above a PFO in an oven, allowing air to serve as a heat transfer medium to the
suspension's components that are not in contact with the PFO.
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Figure 8. Iridescent film produced. It shows the iridescent film produced. The film exhibits a distinct color pattern, featuring an outer
circular blue pattern, transitioning to a greenish hue, and then to an innermost yellowish area. This sequence represents the characteristic
pattern formed

The temperature of the evaporating suspension controlled by the speed of heat transfer. At a given oven
temperature, a good thermal conductor, such as metal, will transfer heat to the suspension more quickly than the
surrounding air, producing a zone of higher temperature in the suspension above the metal object. The CNC
suspension is visible in the side view sitting atop a thermal conductor PFO half-circle on a metal shelf inside an
oven.

The analysis conducted on this iridescent film made from cellulose nanocrystal (CNC) suspension revealed
fascinating optical properties. The film exhibited iridescence, displaying a range of colors depending on the
viewing angle. The iridescence was a result of the film's chiral nematic structure, where CNCs self-assembled
into layers with a characteristic pitch. The wavelength of light reflected by the film governed by this pitch, which
produced the colors seen. Within a particular wavelength range, the film selectively repelled left-handed circularly
polarized light while transmitted the opposite hand of circular polarization. The optical properties of the chiral
nematic film matched that of cholesteric liquid crystals. Understanding the special qualities of CNC-based
iridescent films and their possible uses in optics and display technologies made possible by the analysis.

4.4 FTIR Analysis

In this work, the coffee husk surface was treated with NaOH alkali to eliminate hemicellulose, lignin, and
other undesirable components. The effects of NaOH alkali treatment on the chemical makeup of coffee husks
were examined using FTIR analysis [15]. The infrared spectrum showed several distinctive peaks: a broad band
from 3400 to 2850 cm™* attributed to C-H bonds commonly found in alkenes; intense peaks at 1730-1732 cm
and 1450-1650 cm™ indicating C=0 groups in ketones and carbonyl groups associated with hemicellulose and
lignin compounds, respectively. These broad bands corresponded to hydrogen-bonded OH stretching from
cellulose, hemicellulose, and lignin.

For treated coffee husks, the FTIR spectrum showed an O-H absorption band at about 3329.50 cm™, and for
untreated coffee husks, it was 3324.68 cm™. Untreated coffee husks showed a C-H stretching peak at 2914.88 cm-
! while 10% NaOH-treated coffee husks exhibited a stretching peak at 2908.13 cm™. Peaks at 1636.30 cm and
1636.02 cm! in untreated and alkali-treated coffee husks, respectively, corresponded to C=0 stretching vibrations
of acetyl groups in hemicellulose compounds. The intensity of these peaks was not observed in the treated coffee
husks due to the NaOH treatment, indicating a reduction in hemicellulose components.

Furthermore, the peaks in the range of 1460-1650 cm™ represented the aromatic structure of lignin in coffee
husks. The presence of a peak at 1636.30 cm™ in untreated coffee husk fibers indicated the presence of lignin,
which decreased in intensity after NaOH treatment. The region of 1300-1500 cm™! exhibited peaks associated
with CH bending of hemicellulose, O-H stretching of cellulose, and C-O stretching of the NaOH group. Peaks at
1372.10 cm™ and 1588.09 cm™* were attributed to acetyl (lignin) C-O stretching and were significantly reduced
by the 10% NaOH treatment. Peaks at 1374.03 cm™ and 1372.10 cm%, representing carbon-hydrogen bending of
hemicellulose compounds, were eliminated by NaOH treatment. The peak at 1030.77 cm indicated the presence
of hydrogen bond groups in cellulose and the occurrence of b-glycoside of the monosaccharide in untreated coffee
husks. Treated coffee husks also showed a similar peak at 1026.91 cm, indicating that the treatment did not
completely remove these groups. The stretching vibrations of -O-H and C-O-C present in lingo-cellulosic
materials were represented by peaks in the range of 3330 to 1026 cm. Notably, the well-defined peaks at 2914
cm* and 1588 cm™ corresponded to the stretching and bending vibrations of C-H bonds, respectively. The absence
of a peak at 1320 cm™ was attributed to the decrease in lignin and hemicellulose content in the treated coffee
husks [15].
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Figure 9. FTIR of Coffee husks. The spectrum displays characteristic absorption bands, indicating the presence of various functional
groups and compounds typical of coffee husk composition. These include peaks corresponding to cellulose, hemicellulose, lignin, and other
organic constituents
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Figure 10. FTIR of cellulose. The spectrum features characteristic absorption bands, including peaks associated with O-H stretching, C-H
stretching, and C-O-C stretching vibrations. These bands provide insights into the molecular structure and functional groups present in the
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Figure 11. FTIR of Cellulose NanoCrystals. The spectrum showcases distinct absorption bands indicative of key functional groups, such
as O-H stretching, C-H stretching, and C-O-C stretching vibrations. These peaks reflect the molecular structure and the nanoscale
characteristics of the cellulose nanocrystals

FTIR analysis is a valuable technique for characterizing cellulose by identifying its functional groups,
including hydroxyl, carbonyl, and carboxyl groups. Specific infrared absorption bands provide information about
these groups: the hydroxyl group stretching vibrations appear around 3400 cm™, carbonyl group vibrations around
1730 cm, and carboxyl group vibrations around 1420 cm™. Furthermore, at about 2920 cm™ and 2850 cm™
respectively, stretching vibrations of the CH, and CH3 groups are observed. FTIR analysis makes it easier to
determine the crystalline and amorphous regions within the cellulose structure as well as the chemical composition
of cellulose, including the presence of functional groups.

4.5 UV-VIS analysis

According to my findings, the cellulose nanocrystal (CNC) iridescent film's optical characteristics were
greatly enhanced by UV-Vis analysis. Absorption characteristics were found throughout the UV and Vis regions,
with particular absorption peaks corresponding to electronic transitions in the film, according to the analysis. The
film's iridescence was strongly correlated with absorption maxima that were seen between 480 and 540 nm.
Certain bands were associated with iridescence by comparing absorption characteristics with observed colours
and spectra. Additionally, the film's energy bandgap was estimated with the aid of UV-Vis analysis, which is
crucial for comprehending its optical and electrical characteristics. These results provide useful information for
further research and are critical for optimising the film's applications in domains where precise control over light-
matter interactions is crucial, such as photonics and optoelectronics [46, 49, 50].
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Figure 12. UV-VIS of CNC. The spectrum highlights the absorbance properties of CNCs, demonstrating characteristic peaks that
correspond to their optical behavior and electronic transitions. This data provides insights into the light-absorbing features and potential
applications of cellulose nanocrystals in various fields

4.6 X-ray analysis

In my findings, the structural properties of cellulose and cellulose nanocrystals (CNCs) were examined using
X-ray analysis. Techniques for X-ray diffraction (XRD) and scattering revealed information about the orientation,
structure, and crystallinity of the crystal. Distinct diffraction peaks, particularly the cellulose I peak at around 26
= 22< revealed the cellulose crystalline structure, with additional peaks indicating other lattice planes and
providing details on crystallinity and structure. The crystallinity index (CI) was calculated from XRD data and
found to be 21.92° higher values indicating greater crystallinity. An amorphous hump in the XRD pattern
represented amorphous regions, reflecting amorphous content and disorder [51, 52], XRD analysis also estimated
crystallite size, identified the specific cellulose type present, and used deconvolution procedures to measure
crystallinity. Gaussian peak profiles were commonly used for deconvolution, allowing flexible adjustments to
crystalline peak properties. XRD patterns also revealed cellulose molecule orientation, evident through peak
elongation or splitting, indicating preferential alignment along a particular direction [53, 54] These X-ray analysis
results significantly contributed to understanding cellulose's crystalline nature, degree of order, and crystal
structure, laying the groundwork for potential applications across various industries. Comparing these findings
with those of other researchers may help validate and enhance our understanding of cellulose and CNCs [55, 56].
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Figure 13. Xray of CNC. The diffraction peaks observed in the pattern correspond to the crystalline structure of the CNCs, revealing
information about their crystallinity and lattice arrangement. This analysis is essential for understanding the structural properties of the
cellulose nanocrystals
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No. 2-theta(deg) d(ang.) Height(cps) FWHM(deg) Int. I(cpsdeg) Int. W(deg) Asym. factor

1 21.92(12) 405(2)  426(60) 10.48(17) 5779(101) 14(2) 2.8(2)

Furthermore, XRD patterns provided information about the orientation of cellulose molecules in the material.
The elongation or splitting of diffraction peaks indicated preferential orientation, suggesting the alignment of
cellulose chains along a particular direction [57]. These results from X-ray analysis on cellulose contributed to a
comprehensive understanding of its crystalline nature, degree of order, and crystal structure. They serve as a basis
for further studies on cellulose materials and their potential applications in various industries.

4.7 SEM Analysis

SEM (Scanning Electron Microscopy) was employed to investigate the shape and size of coffee husks,
cellulose and CNC. The coffee husks were grinded then analyzed. The average particle size varies depending on
the grinding process, but it typically fell in the micro-meter range of 2.83mm, with some larger and smaller
particles present. The distribution was not perfectly uniform [58]. The surface of ground coffee husks appeared
rough and irregular under SEM analysis. This roughness was often due to the grinding process, which created
fractures and uneven surfaces. Coffee husks contained fibrous components, and SEM analysis showed the
structure and arrangement of these fibres. The fibres were at times broken or damaged during the grinding process,
resulting in a less organized appearance. The figure 14 shows the coffee husks under SEM analysis.

Figure 14. SEM of Coffee husks. The image reveal the surface morphology and microstructural features of the coffee husks, highlighting
their fibrous texture, porosity, and the presence of cell wall structures

The coffee husks underwent alkaline treatment to remove the hemi-cellulose and lignin. The figure 15 shows
the cellulose attained.

Figure 15. SEM of cellulose. Shows the microstructure of cellulose, revealing its fibrous morphology, hierarchical organization, and
surface characteristics. These visualizations offer valuable information about the structural properties and potential applications of cellulose-
based materials

Acid hydrolysis method was used to remove the amorphous regions from cellulose fibrils, leading to the
formation of CNC bundles, each consisting of individual fibrils. The CNC exhibited a consistent needle-like
morphology, measuring 250 nanometers in length and 12 nanometres in diameter, which closely resembled
previous findings [59] as shown in the figure 16. As depicted the needle-like cellulose nanocrystal was also evident.
The diameter and length distributions of the CNC, presented in displayed a range of 100 to 400 nanometres in
length and 4 to 12 nanometres in diameter for the obtained CNC.
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Figure 16. SEM of CNC. The image shows the nanostructured morphology of CNCs, depicting their rod-like shapes, uniform size
distribution, and surface characteristics. These visualizations provide insights into the nanoscale features and potential applications of CNCs
in various fields

The rod-like CNCs were measured to have an average diameter of 7.97 nanometers, and they exhibited
minimal agglomeration. The agglomeration of CNCs may be attributed to the presence of surface ionic charges,
which cause the crystallites to stack together during the acid hydrolysis process. Additionally, the aggregation of
CNCs could have occurred during the SEM sample preparation when the dispersing medium was removed.

Figure 17. SEM of Iridescent film. Shows the surface morphology and microstructural details of the film, highlighting its layered structure
and the arrangement of nanoscale features responsible for the observed iridescence. These visualizations offer insights into the
nanostructured architecture and optical properties of the iridescent film

The surface morphology of the iridescent film revealed a textured and patterned surface, which was related
to the arrangement of CNCs and the film's iridescence. The distribution of CNCs within the film was observed,
and it was noted that the CNCs were evenly dispersed with few regions of agglomeration. Layering was apparent,
indicating a stratified structure, and the layering patterns were visualized and analyzed. The crystalline structure
of the CNCs in the film was revealed by crystallinity. The crystalline nature of CNCs was indicated by their
distinctive needle-like shape. In order to comprehend how CNCs were aligned within the film, orientation was
examined. The iridescence and optical characteristics of the film were affected by this alignment. SEM study of
an iridescent film fabricated from CNCs provided a thorough grasp of the microstructure and morphology of the
film, illuminating the elements that led to its distinct optical characteristics. This data was useful for basic research
as well as real-world applications in materials science, optics, and displays, among other areas.

5. Conclusion and Future Scope

The discussion section of the manuscript should come after the methods and results section and before the
conclusion. It should relate directly to the questions posed in the introduction and contextualize the results within
the literature covered.

6. Conclusions

To sum up, the main result of this work is the creation of an iridescent film, which is a novel accomplishment
with potential uses in the manufacturing of secure paper. This work highlights the significance and relevance of
security documents in the modern world, with far-reaching implications for the security document industries and
the environment. By creating an iridescent film, this paper has demonstrated a ground-breaking invention that has
the potential to completely transform the security document market. This technology makes it possible to create
complex and almost impossible-to-counterfeit patterns for important documents like identity cards, passports, and
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cash—while also providing a more affordable and environmentally responsible option than traditional printing
methods.

Using coffee husk waste as a raw material, this work's dedication to green chemistry is among its most
important contributions. By doing this, the environmental impact of waste disposal is lessened and sustainability
principles and responsible resource management are upheld. This iridescent film has a wide range of potential
uses, including packaging, anti-counterfeiting measures for consumer goods, art and design, and secure document
production. These industries stand to gain greatly from its integration in terms of financial savings and
environmental advantages.

Moreover, the importance of this study lies in the value addition on the coffee husks waste, rendering it an
environmental cleaner, while generating security papers. Notably, the incorporation of cyclic redundancy is of
paramount importance, ensuring enhanced security features. Additionally, the utilization of hydrochloric acid
(HCI) enhances the quality of the iridescent film for secure papers, as it eliminates the formation of whiskers
typically observed when using sulfuric acid, thereby improving the overall quality and security of the final product.
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