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Abstract: The varied properties of biopolymer nanocomposites, including their reactive functional
groups and nanoscale dimensions, which are not found in bulk materials, have garnered considerable
interest for a range of applications. However, their properties and effectiveness are significantly
influenced by the synthesis processes employed, as well as the structure and distribution of their
components. In this study, the precipitation method was used to prepare zinc oxide nanoparticles (ZnO
NPs) at various reaction temperatures. Subsequently, chitosan-zinc oxide nanocomposites (CZ NCs)
were synthesized via an ex-situ method, incorporating ZnO NPs with different concentrations of
chitosan (CS). Morphological analysis indicated that the size and shape of ZnO NPs were affected by
the reaction temperature, with particles synthesized at 40 °C being smaller and exhibiting less
aggregation. FTIR analysis of CZ NCs revealed a broad peak at 3312 cm™!, characteristic of the amine
and hydroxyl groups present in CS. This peak’s shift to a lower wavenumber suggests an interaction
between these functional groups and ZnO NPs. Additionally, an absorbance peak at 614 cm™
confirmed the presence of ZnO NPs within the composite. Crystalline analysis showed a reduction in
the peak intensity of CZ NCs, attributed to the semi-crystalline nature of CS. Morphological analysis
further indicated that the agglomeration of CZ NCs increased with higher concentrations of CS. The
distribution of CS molecules within the composite was assessed by evaluating the physical interactions
between the CZ NCs and methylene blue (MB) molecules. The sample with 10% chitosan (CS10)
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demonstrated a stronger interaction with MB molecules, suggesting a more even distribution of CS
throughout the composite. Combining the precipitation method with ex-situ synthesis offers high
productivity for nanocomposite production. This approach enables the synthesis of nanocomposites
with nanoscale dimensions, which improves the dispersion of active sites and enhances their
effectiveness and interaction with other materials. Consequently, these nanocomposites can serve as
reinforcements to enhance the properties of various materials.
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1. Introduction

Biopolymer nanocomposites are vital in various fields, including water treatment, food packaging,
and medical applications. These materials combine both organic and inorganic substances at the
nanoscale, making them versatile for multiple uses [1]. Due to their unique physical and chemical
properties, researchers are actively exploring ways to control and enhance these characteristics [2].
Among biopolymers, chitosan (CS) is the second most abundant in nature [3]. It is known for being
biodegradable, environmentally friendly, and biocompatible [4].

CS has certain limitations, including low mechanical strength, poor adsorption capacity, reduced
chemical stability at high temperatures and pressures, and susceptibility to decomposition in acidic
environments [5,6]. To address these issues, CS has been combined with other substances, such as
metal oxide nanoparticles [7]. According to Cortes et al., multifunctional materials for various
applications are created using CS nanocomposites [8]. CS molecules tend to agglomerate together.
This agglomeration diminishes their functional properties, as represented by functional groups [9].
Therefore, selecting the appropriate method for synthesizing CS composites is crucial for obtaining
composites with non-agglomerated components and desirable properties.

In biological and environmental applications, it is crucial to prepare non-toxic, chemically stable
nanoparticles with unique physical characteristics and high purity for use in the synthesis of
biopolymer nanocomposites [10]. It has been demonstrated that metal oxide nanoparticles are
non-toxic and have superior chemical stability to metal nanoparticles. Therefore, to produce pure
nanoparticles, researchers are turning to simple, low-cost, high-yield techniques that do not require
sophisticated equipment.

Zinc oxide nanoparticles (ZnO NPs) possess remarkable physical and chemical properties. The
attractive characteristics of ZnO NPs, including their chemical and optical stability, electrochemical
coupling coefficient, and radiation absorption capacity, have drawn much attention in recent years [11].
There are numerous ways to produce ZnO NPs, including physical, chemical, and biological
techniques [12]. The precipitation method is one of the most promising chemical methods for
producing ZnO NPs because it does not require complicated tools or processes and can produce powder
on a large scale in straightforward steps [13]. Zinc nitrate and zinc acetate are commonly used as raw
materials in the precipitation process for creating ZnO NPs. In addition to controlling the temperature
and acidity during the formation of these nanoparticles, reducing agents such as sodium hydroxide and
ammonium hydroxide are also utilized. Once the nanoparticles are formed, they are typically washed,
dried, and then calcined to produce the final product. One of the main focuses of the research
methodology is controlling the size and shape of nanomaterials. These factors determine a material’s
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properties, which result in a variety of applications [14]. There have been numerous studies carried out
to produce ZnO NPs using the precipitation method [15]. A study reported the preparation of ZnO NPs
using zinc acetate as a precursor and sodium hydroxide as a reducing agent at various pH levels ranging
from 7 to 13. The samples were calcined at 500 °C for 2 h, resulting in the formation of particles with
spherical to irregular shapes and non-uniform porous structures [16]. Other researchers synthesized
ZnO nanoparticles using the precipitation method, utilizing zinc chloride as a precursor and
sodium hydroxide as a reducing agent. The resulting zinc hydroxide was calcined at various
temperatures (400-700 °C) in air for 2 h, resulting in nearly spherical particles. The particle size
increased with higher calcination temperatures, ranging from 0.11 to 0.5 um [17]. Zinc nitrate
hexahydrate was used as a precursor, and two different reducing agents, sodium hydroxide (NaOH)
and potassium hydroxide (KOH), were employed. The calcination process was conducted at 500 °C in
a muffle furnace for 3 h. The ZnO NPs exhibited hexagonal shapes when NaOH was the reducing
agent, while cylindrical structures were observed when KOH was used [18].

The production of biopolymer nanocomposites has become an important method for applications
across various fields due to their diverse uses [19]. Among metal oxide nanoparticles, ZnO NPs, have
attracted significant attention in the synthesis of CS nanocomposites. This interest is largely due to
their non-toxicity, versatility, and environmental friendliness [20]. However, several factors, such as
the type of nanomaterials and the quantity of materials used in the composition, can cause CS
molecules to aggregate in the nanocomposite during the reaction process [21]. The functional groups
in CS form intermolecular bonds, allowing it to create a supramolecular structure and interact with
other materials [22]. The agglomeration of CS molecules can lead to a decrease in the performance of
their functional properties. The agglomeration process is significantly affected by the presence of
functional groups. Researchers aim to enhance the properties of the composite by ensuring a uniform
distribution of CS molecules and by controlling various other factors [23]. Consequently, to synthesize
biopolymer nanocomposites with unique characteristics, it is crucial to identify the proper conditions
that regulate the synthesis process.

Chitosan-zinc oxide nanocomposites (CZ NCs) are materials that combine ZnO NPs with CS to
create composites with improved properties and a wide range of applications [24]. These
nanocomposites successfully merge the advantageous characteristics of ZnO NPs, known for their
antibacterial and ultraviolet-absorbing properties, with the biodegradable qualities of the CS
biopolymer [25].

The ex-situ synthesis of CZ NCs involves the independent preparation of ZnO NPs, which are
then incorporated into a CS matrix. These ZnO NPs are typically synthesized using various chemical
methods, such as precipitation, hydrothermal, and sol-gel techniques. These methods enable control
over the size and shape of the nanoparticles. Once the ZnO NPs are prepared, they are dispersed in a
CS solution while continuously stirring to ensure even distribution. A reaction takes place between the
ZnO NPs and the functional groups present in CS, leading to the formation of a bio-nanocomposite
with enhanced properties. The ex-situ method provides greater control over the properties of
nanoparticles before they are integrated into applications. This makes them more suitable for various
fields, including medicine, environmental science, and engineering [26]. Additionally, this method
helps avoid problems such as incomplete production or the aggregation of nanoparticles that can occur
during in situ synthesis.

In this paper, we focus on synthesizing CZ NCs by combining ZnO NPs with varying
concentrations of CS. In the first step, ZnO NPs were prepared using the precipitation method. Then,
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the ex-situ method was employed to integrate these nanoparticles with different concentrations of CS,
allowing for better control over the distribution of CS molecules within the nanocomposite. This
technique harnesses the nanoscale space provided by ZnO NPs to distribute CS molecules throughout
the composite. Additionally, CS may help in the dispersion and stabilization of ZnO NPs within the
composite. The combination of precipitation and ex-situ synthesis methods produces bio-nanocomposites
that enhance the dispersion of CS molecules, which contain active sites represented by functional
groups, thereby improving their functional properties. These composites can serve various roles,
including reinforcement, active components, or support, in materials such as membranes, films,
surfaces, and hydrogels. They have applications across medical, engineering, and environmental fields.

The precipitation process requires precise control of parameters to produce nanoparticles suitable
for scaling up the production of bio-nanocomposites. This effort aims to prepare ZnO NPs and
subsequently blend them with CS matrix using an ex-situ method. The characterization techniques
used for the ZnO NPs and CZ NCs include field-effect scanning electron microscopy (FESEM),
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and ultraviolet-visible (UV-Vis) spectroscopy.

2. Materials and methods
2.1. Preparation of ZnO NPs

Zinc acetate dihydrate (MW: 219.50 g/mol) (99.68%) and sodium hydroxide pellets (MW:
40.00 g/mol) (98%) were used to produce ZnO NPs. All chemicals were obtained from Sigma Aldrich.
ZnO NPs were prepared by the precipitation method. One gram of zinc acetate dihydrate was dissolved
in 50 mL of distilled water (solution A), and then 400 mg of sodium hydroxide pellets were dissolved
in 50 mL of distilled water (solution B). Furthermore, solution B was completely added dropwise to
solution A using magnetic stirring at different reaction temperatures (40—100 °C) for 2 h. The color
changed to milky white, and a precipitate was formed during the heating process. The resulting
precipitate was separated by centrifugation at 5000 rpm for 20 min and washed three times with
distilled water to remove any present impurities. The final sediment was dried in an oven at 60 °C
for 8 h and then ground into powder form using a mortar and pestle. Finally, the powder was calcined
at 500 °C for 3 h to obtain ZnO NPs.

2.2. Synthesis of CZ NCs

Medium molecular weight chitosan, deacetylated chitin used as an additive biopolymer, and
glacial acetic acid (=99%) are used to dissolve CS. All chemicals were obtained from Sigma Aldrich.
CZ NCs synthesized by the ex-situ method according to the work reported by [27], with some
modifications as follows: 200 mg of ZnO NPs dispersed in 10 mL of distilled water. CS solutions with
different concentrations (5-20% by weight of ZnO NPs) were prepared by dissolving a certain amount
of CS in 20 mL of 1% (vol/vol) glacial acetic acid. The CS solution was added to the ZnO NPs solution,
and then the mixture was stirred by a magnetic stirrer for 2 h. The product was centrifuged at 5000 rpm
and then washed several times with distilled water. The product was dried in an oven at 80 °C for 24 h.
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2.3. Characterization of ZnO NPs and CZ NCs

The results were analyzed to show the properties of the samples using the following equipment:
FESEM (JSM-7600F), used to assess the surface morphology of ZnO NPs. SEM (Hitachi SUISIO)
was utilized to identify the surface morphology of CZ NCs. EDS was used to determine which
elements make up ZnO NPs and CZ nanocomposites. XRD (Bruker D8 Advance) for the crystallinity
of ZnO NPs and confirmation of its integration with CS in the nanocomposite. FTIR (PerkinElmer
Spectrum 100) was utilized to confirm the interactions between CZ NCs and ZnO NPs.
UV-Vis (Shimadzu UV-1800) was used to assess the methylene blue (MB) dye removal in the aqueous
solution through absorption of UV-visible light by MB molecules. The surface morphology of the ZnO
NPs and CZ NCs was investigated using FESEM and SEM, respectively. The powdered samples were
coated in gold using a gold sputter coater. After that, the samples’ surface morphology was examined.
The crystal structure of ZnO NPs and CZ NCs is investigated using XRD. The binding of ZnO NPs
with the CS matrix, which aids in the formation of CZ NCs, was detected by FTIR. The amount of
sample powder was put through FTIR analysis to determine the sample’s chemical composition, bonds,
and functional groups. The removal of organic dye was examined using UV-Vis. The treated dye
solutions were put in cuvette tubes and exposed to UV-Vis light in order to measure how much dye
was still present because the dye molecules in the solution absorbed the UV-Vis light.

3. Results and discussion
3.1. Surface morphology of ZnO NPs and CZ NCs

After two hours of reaction at different temperatures, the FESEM results of ZnO NPs samples
prepared using the precipitation method show the formation of nanostructured morphologies with
various sizes and shapes, as illustrated in Figure 1. The FESEM images reveal that the ZnO NPs vary
in size and shape. The figure indicates that as the reaction temperature increases, the particles grow
larger and adopt distinct shapes throughout the preparation process of ZnO NPs. Nanoparticles tend to
aggregate, leading to distinct shapes and sizes. This variation in size and shape is influenced by the
reaction temperature during the preparation of ZnO NPs. Figure 1a shows a FESEM image of ZnO
NPs prepared at 40 °C. The prepared ZnO NPs appear well-dispersed, with no noticeable aggregates.
The nanoparticles are arranged in small conical and spherical structures. Their size is smaller compared
to the other samples, which is noteworthy. Due to their small dimensions, there are gaps between the
nanoparticles, increasing their surface area accessibility. In the image shown in Figure 1b, the ZnO
NPs prepared at 60 °C appear as irregularly shaped particles. They are distributed in flower-like
nanostructures, with some smaller spherical shapes also present. These nanoparticles are larger than
those depicted in Figure 1a because they are formed from smaller units. In other words, the smaller
nanoparticles aggregate to form larger, diverse nanostructures during nanoparticle formation at this
temperature. Furthermore, Figure 1c illustrates that the ZnO NPs prepared at 80 °C appear as
asymmetric spindles surrounded by smaller particles. They grow in two dimensions on an irregular
nanostructure, unlike the shape of the nanoparticles shown in Figure 1b.
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Figure 1. FESEM image of ZnO NPs synthesized at different reaction temperatures: (a)
40 °C, (b) 60 °C, (c) 80 °C, and (d) 100 °C.

Concerning the ZnO NPs prepared at 100 °C, Figure 1d illustrates that these particles are more
widely distributed and possess a spindle shape. Despite having two nano dimensions, these
nanoparticles are more uniform and evenly distributed compared to those shown in Figure 1c. It is
anticipated that the increase in reaction temperature contributes to the improved regularity of these
nanoparticles. It is clear that as the temperature decreases during the preparation of ZnO NP, the size
of the nanoparticles diminishes, leading to a more uniform distribution. Lower temperatures can help
reduce the agglomeration of ZnO NPs produced through the precipitation method. At this stage, the
goal is to obtain smaller ZnO NPs to facilitate their use in the next step, which involves synthesizing
a biopolymer nanocomposite by combining nanoparticles with biopolymer molecules. Additionally,
small-sized nanoparticles demonstrate advantages over larger ones. The ZnO NPs depicted in
Figure 1a are smaller than the other nanoparticles, as indicated by the surface morphology results. This
smaller size suggests that they possess a larger surface area compared to the other nanoparticles.
Therefore, these nanoparticles have been selected for use in the next stage of synthesizing the
biopolymer nanocomposite.

Figure 2 shows the EDS spectrum of the prepared ZnO NPs, while Table 1 presents the corresponding
findings. The table reports the atomic percentages and weights of the detected elements, which include
oxygen and zinc. The presence of carbon may be due to acetate residues from the sample preparation
process. Additionally, gold was used to coat the sample to enhance conductivity during examination.
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Figure 2. EDS image of ZnO NPs synthesized at 40 °C

Table 1. Elemental composition for the synthesized ZnO NPs at 40 °C

Element Weight (wt%) Atomic (%)
o 22.06 53.62

Zn 77.94 46.38

C 10.87 29.17

Au 8.54 1.40

The surface morphology of CZ NCs produced using the ex-situ method is shown in Figure 3
through SEM analysis. This figure illustrates the surface morphology of pure CS as well as its
integration with ZnO NPs. In Figure 3b,c, ZnO NPs are evenly dispersed throughout the composite,
while in Figure 3a, they are absent in pure CS. The ZnO NPs are evenly distributed throughout the
composite along with the CS molecules, as shown in Figure 3b. This combination enables the ZnO
NPs to impart nanoscale dimensions to the CS molecules [28]. In Figure 3c, the composite appears
flatter and shows agglomerated ZnO NPs on its surface. This agglomeration occurs due to the increased
concentration of CS molecules, which causes them to aggregate within the composite. ZnO NPs offer
greater opportunities for CS molecules to interact with them through intermolecular bonds during the
synthesis process [29]. This interaction helps stabilize the ZnO NPs and ensures they are evenly
distributed along the polymer chain within the CS matrix. As a result, the properties of the composite
are enhanced due to the symmetrical arrangement of the ZnO NPs and the CS chain. Our goal of this
research is to synthesize a nanocomposite with well-distributed and stabilized components that do not
agglomerate. Improved distribution of the functional groups in the CS molecules throughout the
composite ultimately enhances the functional properties of the composite. Ex-situ synthesis of CZ NCs
with controlled CS concentrations prevents agglomeration, which can cause the composites to lose
their properties.

AIMS Materials Science Volume 12, Issue 3, 686-702.
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Figure 3. SEM image of the (a) pure chitosan; (b) CZ nanocomposite (10 wt%); and (c)
CZ nanocomposite (20 wt%).

Figure 4 shows the quantitative and qualitative composition of the components that make up the
nanocomposite, as determined by EDS analysis. In Figure 4a, the presence of peaks for oxygen and
zinc is identified, which corresponds to the pure ZnO NPs discussed in the first stage. Figure 4b
displays peaks for carbon, oxygen, and nitrogen, indicating the presence of pure CS. The combination
of zinc, oxygen, carbon, and nitrogen in Figure 4c represents the CZ NCs, suggesting that ZnO NPs
have been combined with CS molecules. The results of the EDS analysis for the CZ NCs synthesized
using the ex-situ method are summarized in Table 2.

AIMS Materials Science Volume 12, Issue 3, 686-702.
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Figure 4. EDS image of (a) ZnO NPs; (b) chitosan; and (c) synthesized CZ nanocomposite.

Table 2. Elemental composition for the synthesized CZ nanocomposite, ZnO NPs, and chitosan.

Sample Element Weight (wt%) Atomic (%)
ZnO o 22.06 53.62
Zn 77.94 46.38
CS C 42.10 48.30
N 14.95 14.71
O 42.95 37.00
Cz C 15.21 32.17
N 5.11 9.27
O 23.03 36.55
Zn 56.65 22.01
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3.2. FTIR of ZnO NPs and CZ NCs

Figure 5 shows the FTIR spectra of pure CS, CZ NCs, and ZnO NPs. FTIR analysis was
conducted to determine the chemical composition of CS, ZnO NPs, and CZ NCs, which aids in
understanding the formation of CZ NCs and the interaction mechanism between ZnO NPs and the CS
matrix. The figure displays three distinct FTIR absorption patterns: One for pure CS, one for ZnO NPs,
and one for CZ NCs. In the CS spectrum, a broad peak at 3428 cm™! corresponds to the stretching
vibrations of hydroxyl (~OH) and amino (-NHz) groups. The peaks at 2854 and 2923 cm™' represent
the stretching vibrations of C—H bonds. The bending vibration of the amino group is indicated by the
absorption peak at 1650 cm™~!, while the deformation of the amide contributes to the absorption peak
at 1592 cm™!. Additionally, the stretching vibrations of the C—O bonds are associated with the peaks
at 1064 and 1023 cm™'. These findings are consistent with a previous study that utilized the in-situ
method to synthesize the CS-ZnO nanocomposite [30].

—CS
—CZ
/n0O

Transmittance (%)

MW

. I . I , I : I . I . I . T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR spectra of the synthesized CZ nanocomposite, ZnO NPs, and pure chitosan.

The absorption peaks at 1088 and 1421 cm™! are associated with C—O stretching and CH» bending
vibration, respectively [31]. The asymmetric stretching of the C—O—C bridge is responsible for the
absorption peak at 1385 cm™!, while the symmetric deformation of CHj is responsible for the peak
at 1151 cm™! [32]. The C—N bond’s stretching vibration is represented by the peak at 1254 cm™! [33].
There are five major absorption peaks in the 500—4000 cm™! range of the ZnO NPs absorption spectrum.
The bending vibration of absorbed CO> in the air is responsible for the peaks in the absorption range
of 2400-2300 cm™' [34]. The symmetrical and asymmetrical stretching of the carboxylate is
responsible for the peaks seen at 1520 and 1325 cm™!, respectively [35]. The peak identified as
belonging to the stretching vibration of Zn—O is between 875 and 500 cm~' [36,37]. A broad absorption
peak that is less intense than the CS peak and shifted towards a lower wavenumber at 3297 cm™! is
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visible when the CZ NCs spectrum is compared to the pure CS and ZnO NPs spectra. This shows that
ZnO NPs’ interaction with the functional groups in the CS matrix creates hydrogen bonds between the
oxygen atom in the zinc oxide and the proton in the amine group in the CS [38]. The stretching of
Zn—O is responsible for the appearance of a new absorption peak at 614 cm™' [39]. This suggests that
ZnO NPs have been incorporated into the CS chain.

3.3. XRD of ZnO NPs and CZ NCs

The crystalline structure of ZnO NPs, CZ NCs, and CS was investigated by XRD, as shown in
Figure 6. The XRD pattern of ZnO NPs shows several very sharp and intense peaks. These peaks align
perfectly with the hexagonal wurtzite crystal of zinc oxide (JCPDS File No. 36-1451) and are
consistent with typical ZnO NPs.

The zinc oxide planes (100), (002), (101), (102), (200), (112), (201), (004), and (202) were
assigned to the peaks that were discovered at 31.78, 34.44, 36.26, 47.54, 56.58, 62.84, 66.28, 67.94,
69.02, 72.54, and 76.88°, respectively [40]. The high purity of the prepared ZnO NPs was
demonstrated by the absence of any additional peaks caused by impurities. The crystalline state of the
hydrate (form 1 and form 2) is responsible for the two low peaks in the CS XRD pattern, which are
at 22.3 and =20°, respectively [41]. According to this, CS is semi-crystalline. The XRD pattern of CZ
NCs is consistent with that of ZnO NPs (JCPDS No. 36-1451), and the findings were published [42,43].
This is due to the interaction of ZnO NPs with the CS matrix [44]. The pattern shows a decrease in the
peak intensity of the CZ nanocomposite compared to the peak intensity of the ZnO NPs. This indicates
an increase in amorphous components due to the presence of CS, which has semicrystalline properties [45].

Zn0O
—CZ
—CS

i ! 5 B —

Intensity (a.u)
—

L JLJJM..

10 20 30 40 50 60 70 80
20 (degree)

Figure 6. XRD pattern of pure chitosan, synthesized CZ nanocomposite, and ZnO NPs.
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3.4. Interactive properties of CZ NCs

The interaction efficiency of CZ NCs with organic molecules was investigated using the dye
removal of MB dye molecules. The interaction of MB dye molecules with the active sites of CS
molecules on the surface of CZ NCs in aqueous solution using UV-Vis spectra was used to measure
the dye removal using CZ NCs synthesized at various CS contents (5, 10, 15, and 20 wt%), as
illustrated in Figure 7.

The absorption intensities of the various samples of MB dye solutions treated with CZ NCs were
measured to observe the dye removal process. Several UV-Vis spectra of samples treated with CSS5,
CS10, CS15, and CS20 are displayed. The absorbance of the MB dye, which serves as a control, is
responsible for the highest absorption peak at 664 nm. The analysis showed a difference in the samples’
absorption intensities compared to the control, indicating that the ZnO NPs arranged the CS molecules
in the composite [46]. This is because the functional groups in the CS molecules can interact physically
with the MB dye molecules. The lower absorption intensity in sample CS10 indicates that the CS
molecules interacted with the MB molecules in the solution more than in samples CS5, CS15, and
CS20 because they are more widely distributed with the ZnO NPs. This shows the distribution of CS
molecules and their non-agglomeration in the nanocomposite, which enhances their functional
properties. Solutions treated with CS15 and CS20 displayed high absorption intensities due to reduced
interaction between the nanocomposites and the dye molecules. This indicates that the CS molecules
started to aggregate, leading to fewer interaction sites. CS5 exhibits high absorbance intensity due to a
lower integration of CS molecules with the ZnO NPs, indicating the nanocomposite has fewer
functional groups compared to the CS10 sample. This results in reduced interaction capability with
MB molecules.
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Figure 7. UV-Visible absorption spectra of removal of MB by CS and the synthesized CZ
nanocomposite at different contents of chitosan (5, 10, 15, and 20 wt%).

AIMS Materials Science Volume 12, Issue 3, 686-702.



698

4. Conclusions

Biopolymers offer immense potential due to their biocompatibility and sustainability, making
them highly applicable across various fields and opening new avenues for advancements in medicine,
environmental science, engineering and materials science. In this study, ZnO NPs were successfully
prepared using the precipitation method. We explored the effect of temperature on their size and shape,
observing distinct morphological structures including conical, flower-like, and spindle-shaped forms
as the reaction temperature increased from 40 to 100 °C. Furthermore, CZ NCs were successfully
synthesized at various CS concentrations using the ex-situ method. The analysis confirmed the
successful incorporation of CS molecules with the ZnO NPs, demonstrating that the ZnO NPs
facilitated a wide distribution of CS molecules and were effectively stabilized within the CS matrix.
However, an increase in CS concentration within the nanocomposite led to the agglomeration of CS
molecules, which consequently reduced the number of active sites and, thus, the removal efficiency of
MB molecules. The controlled precipitation method for ZnO NPs and the ex-situ synthesis of CZ NCs
allowed for the creation of uniformly distributed biopolymer nanocomposites. These bio-nanocomposites
possess numerous active sites and diverse functionalities, highlighting their promising applications.
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