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Zinc oxide (ZnO) is known for its antimicrobial activity, UV protection,
and applications in environmental fields. However, the green synthesis
of ZnO is often affected by processing conditions, especially drying
temperature. This study investigates the effect of drying temperatures at
60, 70, and 80 °C on ZnO synthesis using mango seed extract (MSE) as
a natural reducing agent. Zinc acetate dihydrate (ZA) and zinc nitrate
hexahydrate (ZN) were used as precursors to supply Zn?* ions during
synthesis. ZA samples produced higher extraction yields, with a
maximum of 37.80% at 60 °C. All ZN samples powders appeared finer
and brighter in colour. SEM images showed that ZA samples formed
larger rod-like agglomerates, while ZN samples produced more uniform
and less clustered particles with spherical or flower-like shapes. EDX
confirmed the presence of only zinc and oxygen, with ZN samples
showing more consistent Zn to O ratios across all temperatures. Zeta
potential analysis indicated that ZN samples had more stable negative
surface charges ranging from —22 to —25 mV. In contrast, ZA sample
showed fluctuating values with a strong positive charge at 80 °C. Particle
size analysis showed that ZN sample at 70 °C had the smallest and most
uniform size of 1.454 pm, while ZA sample at 70 °C showed the largest
particles. XRD confirmed that all samples followed the wurtzite crystal
structure. Crystallite size increased with temperature in ZA samples but
decreased slightly in ZN samples. FTIR analysis confirmed Zn—O
stretching and showed fewer organic residues in ZN samples. UV-Vis
results indicated that ZA had consistent absorption peaks and band gap
values between 4.53 and 4.61 eV. ZN showed a strong band gap of 4.54
eV at 60 °C but dropped significantly at higher temperatures. Overall,
ZN at 70 °C produced ZnO with the best morphology and surface
stability, while ZA at 70 °C showed better optical performance and
consistent band gap behaviour.
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1. INTRODUCTION

The unique features of zinc oxide (ZnO) particles, such as high stability, effective ultraviolet blocking
(Irede et al., 2024), and broad-spectrum antimicrobial activity (Bekele et al., 2021; Thirumal et al., 2014;
Yudaev et al., 2022), have made them widely explored in diverse fields, like pharmaceuticals, cosmetics,
electronics, environmental remediation, and packaging applications (Al-darwesh et al., 2024). The
conventional synthesis methods used for the preparation of ZnO are usually chemical or physical methods
and they have a few drawbacks due to these methods are mostly performed using hazardous chemicals and
high energy input, which raises environmental and safety concerns (Ahmed et al., 2017; Basnet et al., 2018).
To addresses these issues, green synthesis using plant extracts has become popular eco-friendly and
sustainable alternative methods of ZnO preparation (Shafey, 2020).

The plant-based green synthesis of ZnO particles uses natural chemicals in plants, known as
phytochemicals, to reduce and stabilise zinc ions (Zn?") during synthesis process. These phytochemicals
include flavonoids, phenolic compounds, terpenoids, and alkaloids, which have functional groups like
hydroxyl (-OH), carboxyl (-COOH), and amine (-NH:) to convert Zn** into ZnO and prevent the particles
from agglomerate (Ahmed et al., 2017). Study by (Abdullahi Ari et al., 2023) shows the phenolic
compounds in Mangifera indica can reduce Zn** and (Bishop et al., 2009) also reported that phenolic
compounds can stabilise the particles using hydrogen bonds and van der Waals forces. Flavonoids such as
quercetin and rutin, found in Camellia sinensis (Thirumal et al., 2014) and Azadirachta indica (Bhuyan et
al., 2015), are powerful reducing agents due to their aromatic and conjugated structures. Terpenoids in Aloe
barbadensis (aloe vera) act as both reducing and stabilizing agents, ensuring the particles are evenly formed
(Ali et al., 2016). Alkaloids from Catharanthus roseus (periwinkle) provide stability by forming ionic and
hydrogen bonds with their amine groups (Malaiappan et al., 2024).

Among all of the plants used for the synthesis, mango seeds (Mangifera indica) are a great option
because they contain many helpful natural stabilizing compounds (Rajeshkumar et al., 2023). Flavonoids
like quercetin, kaempferol, isoquercitrin and anthocyanins in mango seeds are strong reducing agents that
can stop the particles from agglomerate. Phenolic compounds such as mangiferin and gallic acid in the seed
also play an important role at keep the particles stable by forming protective layers around them. Mango
seeds also have high contents of tannins (up to 20.7%) that enables the mango seed extract to bind with
zinc ions effectively (Torres-Ledn et al., 2016), helping to control the formation of ZnO particles into
uniform sizes and shapes while providing protection from damage (Rajeshkumar et al., 2023). The
combination of these natural compounds makes mango seeds very effective and reliable for ZnO synthesis.
Using mango seeds, which are often thrown away, fits well with sustainable practices as they are not only
cheap and easy to get but also environmentally friendly.

The most common zinc precursors used for synthesizing ZnO are zinc acetate (ZA) and zinc nitrate
(ZN), each with unique benefits. ZA is a highly effective precursor for ZnO synthesis, producing particles
with small crystallite sizes, high crystallinity, and smooth surface morphology. This results in thin films
with high optical transparency (80-95%), enhanced photocatalytic activity, and biocompatibility, making
it ideal for optoelectronic applications. ZN also forms ZnO films with good (Nadia et al., 2020; Gatou et
al., 2023a), but they typically have a rough, porous surface, which can improve surface reactivity (Nadia et
al., 2020). However, its photocatalytic and bioactivity performance is generally lower than that of ZA,
making it suitable for applications where surface texture is more important (Gatou et al., 2023a). In
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conclusion, ZA is preferred for high-performance films requiring superior photocatalytic efficiency and
optical transparency, while ZN is better for applications needing moderate photocatalytic performance and
surface roughness.

While extensive research has been conducted on optimizing synthesis parameters, the drying process
has often been overlooked. Drying conditions, such as temperature, duration, and method, directly impact
the morphology, structure, and functionality of the particles. Moderate temperatures like 60 °C allow
controlled solvent evaporation, preserving porosity for applications like biosensing (Zhou et al., 2013).
Higher temperatures like 100-120 °C remove moisture completely but may cause aggregation or alter
morphology, which may reduce their effectiveness (Saputra et al., 2024). The drying time also affects the
final properties of ZnO. Short durations, like 2 hours at 80 °C, yield semi-spherical particles (Rajeshkumar
et al., 2023; Suciyati et al., 2024a; Suciyati et al., 2024b), while longer periods, such as 12 hours at 120 °C,
enhance photocatalytic efficiency but risk clumping or structural damage (Saputra et al., 2024). Drying
methods further refine properties. Oven drying is simple and produces uniform particles with antioxidant
properties (Rajeshkumar et al., 2018), while vacuum drying minimises oxidation and aggregation (Yadav
et al., 2024). Combining drying with calcination (e.g., 100 °C drying and 400 °C calcination) improves
crystallinity and antibacterial properties (Endah et al., 2023).

These parameters must be finely tuned to optimise the drying process, addressing its often overlooked
but essential role in ZnO synthesis. Therefore, this research will explore how drying temperature of
60, 70, and 80 °C affect the synthesis of ZnO from mango seed extract, while also examining how different
zinc precursors, such as ZA and ZN, influence the synthesis process. By evaluating different drying
temperature and precursor types, the study aims to understand their impact on the yield, size, and properties
of the particles. The goal is to optimise these factors to improve the quality of the synthesised ZnO and
provide new insights into how drying temperature and precursor choices affect particle synthesis.

2. MATERIAL AND METHOD

2.1 Materials and chemicals

The materials used in this study were Mango Gold Susu AA Grade seeds obtained from local beverages
store in Selangor, Malaysia. Only seeds from mature mangoes were used as the main raw material for
extract preparation to ensure a level of uniformity. Sigma-Aldrich® zinc acetate dihydrate
(Zn(CH3COO)2:2H20) and zinc nitrate hexahydrate (Zn(NOs)2'6H20) were used as zinc precursors. These
zinc precursors are labelled as ZA (zinc acetate) and ZN (zinc nitrate) throughout the experiment. 0.1 M
sodium hydroxide solution (NaOH) was used for pH adjustment (Suciyati et al., 2024b). Ethanol and
distilled water were used as solvents in washing and extraction.

2.2 Mango seed extract (MSE) preparation

The inner seeds were removed from the outer shells and thoroughly washed. The seeds were washed
three times with tap water, followed by three times rinses with distilled water, and a final rinse using a
solution of 100 mL ethanol diluted in 400 mL distilled water (Bekele et al., 2021). Then, the washed seeds
were weighed and cut into small pieces. These pieces were dried at 60 °C until a constant weight was
achieved, with the weight being measured hourly (Joshi et al., 2021). The dried seeds were ground into a
fine powder and sieved for uniformity. A total of one gram of the powdered mango seed was mixed with
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100 mL of distilled water and stirred using a magnetic stirrer at 70 °C for 1 hour (Rajeshkumar et al., 2023).
The resulting solution was filtered using Whatman No. 1 filter paper to obtain a clear solution, which was
preserved at 4 °C (Joshi et al., 2021). Fig. 1 shows the illustration of the experimental set-up for MSE
preparation.

Seed kernel Distilled water  11ted ethanol

e

-—p ~ e g T -
S
A
Mango seed Seed kernel washed Seed kernel dried Oven-dried at 60°C Ground into powder

lg seed
powder

= G

= ¢ . 100mL

-~ o) distilled water

-
Mango Seed Extract (VISE) Residue filtered Mixture heated Powder mixed
(Preserved at 4°C) (70°C for 1 hour & 500rpm)

Fig. 1. Schematic illustration of MSE preparation

Source: Authors’ own data

2.3 Zinc oxide particles synthesis

A 0.05 M of each zinc salt (Rajeshkumar et al., 2023) was prepared and mixed with 10 mL of mango
seed extract (MSE) (Joshi et al., 2021). The pH of the mixture was adjusted to 8 using 0.1 M NaOH solution
(Yadav et al., 2024). Then, the solutions were stirred with a magnetic stirrer at 70 °C for 1 hour (Bekele et
al., 2021; Joshi et al., 2021; Suciyati et al., 2024b) at 500 rpm. The solution was then subjected to incubator
shaker at 40 °C for one hour at 200 rpm. The mixture was then left at room temperature for one hour to
separate the white precipitate from solution.

The resulting white precipitate was filtered and rinsed three times with distilled water (Li et al., 2020)
and once with diluted ethanol (Endah et al., 2023; Suciyati et al., 2024a) to further remove the impurities.
The precipitate was then dried at varying temperatures of 60 °C (Yadav et al., 2024; Zhou et al., 2013), 70
°C (Joshi et al., 2021), and 80 °C (Rajeshkumar et al., 2023; Suciyati et al., 2024a; Suciyati al., 2024b) until
a constant weight was achieved, with the weight being measured hourly. The ZA samples were labelled as
ZA60, ZA70, and ZA80, while the ZN samples were labelled as ZN60, ZN70, and ZN80. Finally, the dried
precipitate was ground into a fine powder using a mortar (Rajeshkumar et al., 2023), and the final weight
was recorded. Fig. 2 shows the illustration of the experimental set-up for ZnO particles synthesis.
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Fig. 2. Schematic illustration of ZnO synthesis from MSE

Source: Authors’ own data

2.4 Characterisation techniques

Physical observation

The physical characteristics of the synthesised ZnO particles were first observed by examining the
texture and colour of the dried powder.

Yield analysis

The initial weight of the zinc salt used and the final weight of the synthesised ZnO product obtained
were recorded. To evaluate the efficiency of the synthesis, the extraction yield was calculated using the
yield formula in Eq. (1) (Wang et al., 2022):

Weight of ZnO Produced

Yield =
ield Weight of Zinc Salt

% 100%

(M

Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) spectroscopy

Scanning Electron Microscopy (SEM) is utilised to examine the surface morphology and particle size
of the synthesised ZnO particles. Samples are kept in carbon-coated copper grid. The analysis is performed
using a Hitachi SU3500 SEM, operating with a magnification range of 100X to 10,000x (Bekele et al.,
2021).

Elemental analysis of the synthesised ZnO was performed using Energy dispersive x-ray (EDX)

spectroscopy. The analysis was conducted at an accelerating voltage of 15 kV with a magnification of 27X,
using the same machine as SEM (Ali et al., 2020). The detector takes off angle was set at 41.1°, and the
live time was 30 seconds. The amplifier time was 3.84 ps, and the energy resolution was 126.1 eV. The
https://doi.org/10.24191/mjcet.v8i2.8252
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EDX spectrum was used to confirm the elemental composition and purity of the synthesised ZnO particles
(Ali et al., 2020).

Zeta potential and particle size

Zeta potential analysis was performed using a ZN3600 Zetasizer to determine the surface charge and
colloidal stability of the synthesised ZnO. The measurement was conducted at a controlled temperature of
25 °C, using the dynamic light scattering (DLS) technique (Clogston & Patri, 2011). The refractive index
(RI) of synthesised ZnO was set to 2.0, while the RI of the solvent system (acetic acid—water mixture) was
estimated to be 1.333. Zeta potential values were interpreted based on standard stability criteria (Clogston
& Patri, 2011). Particles with values greater than +30 mV or less than =30 mV were considered stable due
to strong electrostatic repulsion, while values between—10 mV and +10 mV indicated low stability with a
high tendency for agglomeration (Clogston & Patri, 2011).

The particle size of the synthesised ZnO was also measured using the same equipment via dynamic
light scattering (DLS) at 25 °C. The same RI settings and absorption values as used in the zeta potential
analysis were applied. The results were reported as the average hydrodynamic diameter and polydispersity
index (PDI), which indicate the particle size distribution and degree of uniformity.

X-ray diffraction (XRD)

X-ray Diffraction (XRD) is employed to determine the crystalline structure, phase composition, and
average crystallite size of the synthesised ZnO. The analysis is conducted using a Rigaku D/MAX-2000/PC
diffractometer operating in continuous scan mode. The system is set to a voltage of 30 kV and a current of
40 mA (Suciyati et al., 2024a), utilising CuKa radiation with a wavelength of 1.5406 (Suciyati et al.,
2024b). Data are collected over a 20 range of 10° to 90° (Yadav et al., 2024), with a step size of 2°/min
(Bekele et al., 2021).

The average crystallite size (D) of the synthesised ZnO was estimated using the Scherrer equation
(Fatimah et al., 2021), as shown in Eq. (2):

KA

D= BcosB 2)

where K is the Scherrer constant of 0.9, A is the x-ray wavelength of 0.15406 nm, f is the full width at half
maximum (FWHM) of the most intense diffraction peak (in radians), and 0 is the Bragg angle (in radians).

Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is used to characterise the functional groups associated
with the synthesised ZnO. The analysis is performed using a PerkinElmer spectrometer, operating over a
wavelength range of 4000 to 400 cm™! with a resolution of 4 cm™' (Abdullahi Ari et al., 2023).

Ultraviolet-visible (UV-vis) spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is used to analyse the optical properties of the synthesised
ZnO. The measurements are carried out using a PerkinElmer Lambda 750 spectrophotometer, covering a
wavelength range of 250 to 800 nm because ZnO exhibits strong absorption in the UV and visible regions,
typically between 200 to 400 nm (Suciyati, et al., 2024b; Yadav et al., 2024).
https://doi.org/10.24191/mjcet.v8i2.8252
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The band gap energy of synthesised ZnO was calculated to gain deeper insight into its optical
behaviour, a key factor influencing its overall effectiveness. The band gap energy was determined using
Planck’s equation (Junaid et al., 2023) , as shown in Eq. (3):

E=— 3)

where E is the band gap energy (in eV), h is Planck’s constant (4.14 x 107! ¢V-s), ¢ is the speed of light
(2.99 x 108 m/s), and A is the wavelength (in meters) taken from the UV-Vis spectrum.

3. RESULTS AND DISCUSSION

3.1 Physical observation

The drying temperature and type of zinc precursor influenced the physical appearance of synthesised
ZnO as shown in Fig. 3. It shows that increasing the drying temperature from 60 to 80 °C made the
synthesised ZnO powder appear finer and lighter in colour. For ZA samples, those dried at 60 °C were
darker and had a coarse texture, while samples dried at 70 and 80 °C were lighter in colour and finer. This
is because higher temperatures remove moisture more effectively, reducing clumping and producing a
smoother powder. Study by (Shariffudin et al., 2012), shows a similar powder appearance for the drying
temperatures of ZnO at elevated temperature from 100 to 300 °C.

Fig. 3. ZnO appearance at various drying temperatures (ZA & ZN)

Source: Author’s own data
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The type of zinc salt also affected the appearance and colour. ZA samples changed in texture and colour
depending on the drying temperature. In contrast, ZN samples looked similar at all temperatures which are
pale, cream-coloured, and very fine, like flour. This uniformity is due to ZN’s better solubility and easier
decomposition during synthesis, as also noted by (Riwayati et al., 2024).

3.2 Yield analysis

Table 1 demonstrates that higher drying temperatures led to more moisture loss, resulting in lower final
weights and extraction yields. Free water evaporated at lower temperatures of 60 °C and below, contributing
to the initial mass loss, whereas bound water was removed at higher temperatures of 70-80 °C, leading to
structural changes in phytochemicals and reduced reduction efficiency, thereby lowering yield. Similar
trends were seen for ZN samples, consistent with the explanation by (Donia et al., 2021) who explains that
the decline in yield with increasing temperature is attributed to the removal of both free and bound water.

ZA gave higher yields than ZN at all drying temperatures. The highest yield of 37.80% was recorded
for ZA60, while ZN60 gave only 20.54%, as ZN contains more water in its hexahydrate form, causing
greater mass loss during drying (Kumar et al., 2018). In summary, ZA at 60 °C produced the highest
extraction yield, while ZN gave finer texture but lower yield regardless of temperature.

Table 1. ZnO extraction yield (ZA & ZN)

Final weight, g Extraction Yield, %
Temperature, °C
ZA ZN ZA ZN
60 0.31 0.23 37.80 20.54
70 0.24 0.22 29.27 19.64
80 0.24 0.18 29.27 16.07

Source: Author’s own data

3.3 Morphology and elemental analysis

SEM analysis showed that drying temperature affected the shape and agglomeration of the synthesised
ZnO. As shown in Fig. 4, ZA samples dried at 60 °C produced large, agglomerated particles with rod-like
shapes. At 70 °C, both rod and spherical particles appeared with less agglomeration, while at 80 °C, the
particles became mostly spherical and more densely packed. Higher temperatures helped the particles grow
in a more ordered way by improving crystallinity and promoting directional crystal growth. However, when
the temperature increased further, the higher thermal energy caused the particles to move and collide more
often, leading to stronger agglomeration. This balance between better shape and higher agglomeration
agrees with the findings of (Limén-rocha et al., 2022), who reported that zinc acetate tends to form rod-like
ZnO when dried at higher temperatures around 100 °C.

For ZN samples, spherical particles were seen at 60 and 70 °C with only slight agglomeration. At
80 °C, a flower-like structure with sharp edges appeared, possibly due to faster crystal growth at higher
temperature. Similar shapes, such as spherical, semi-spherical, flake-like, and rice-like, have also been
reported at drying temperatures between 80 and 100 °C (Bekele et al., 2021; Joshi et al., 2021; Rajeshkumar
et al., 2018; Suciyati et al., 2024D).
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Overall, ZnO made from ZN showed more uniform and less agglomerated particles compared to ZA,
especially at lower temperatures. A rod-like shape with controlled agglomeration is considered the best
morphology for applications that need high surface area and good photoreactivity, such as antimicrobial
coatings, because it improves light absorption and the production of reactive oxygen species.

Fig. 4. SEM images of ZnO at 60 °C, 70 °C, 80 °C (ZA & ZN)
Source: Author’s own data

EDX analysis confirmed that all synthesised ZnO contained only zinc (Zn) and oxygen (O) elements,
as shown in Fig. 5. However, the composition was affected by both drying temperature and the type of
precursor used. In theory, pure ZnO should have a 1:1 atomic ratio of Zn to O, which equals 50% Zn and
50% O atoms, as mentioned by (Skowronski et al., 2020) that the estimated Zn to O ratio is 1 to 1.6 with
the increase of dying temperature from 100 to 200 °C (Skowronski et al., 2020). This value serves as the
expected standard for comparison.

For ZA samples, drying at 60 and 70 °C resulted in Zn atomic percentages of 56.80% and 57.72%,
respectively, both higher than the ideal 50%. Correspondingly, oxygen (O) content was slightly lower at
around 43 to 44%, giving Zn to O ratios of approximately 1.32. These values suggest that drying at these
temperatures may have favoured Zn-rich surfaces or partial oxidation (Skowronski et al., 2020). However,
at 80 °C, a sharp increase in O atomic content to 73.90% and a decrease in Zn to 26.10% was observed,
resulting in a Zn:O ratio of about 1:2.83. This significant deviation is due to surface oxidation or incomplete
conversion at higher temperatures.

In contrast, ZN samples showed more stable and balanced Zn and O atomic ratios across all drying
temperatures. Zn atomic content ranged from 50.25% to 51.79%, closely matching the theoretical 50%
value, while O remained near 48 to 49%, giving Zn to O ratios around 1.05 to 1.08. This indicates that ZN
provides a more consistent and complete reaction regardless of drying temperature. The improved
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performance of ZN is due to the better solubility and reactivity of ZN compared to ZA (Riwayati et al.,
2024), especially during synthesis and drying. Higher solubility of ZN ensures more uniform precursor
dispersion, leading to homogeneous nucleation and better-controlled particle size, which is advantageous
for reproducible film incorporation and consistent optical properties.
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Fig. 5. EDX profiles of ZnO at 60 °C, 70 °C, 80 °C (ZA & ZN)

Source: Author’s own data

3.4 Particle size and stability

Zeta potential analysis was used to measure the surface charge and stability of the synthesised ZnO.
Based on Table 2, the drying temperature significantly affected the yield and color characteristics of ZA
samples, indicating that higher temperatures reduced the amount of retained phytochemicals and influenced
the formation of ZnO particles. At 60 and 70 °C, the zeta potential values were low and negative,
—1590 mV and —-6.55 mV, respectively, showing weak stability. This helps explain the strong
agglomeration seen in SEM at Section 3.2. At 80 °C, the zeta potential increased to a high positive value
of +35.07 mV, indicating enhanced particle stability due to stronger electrostatic repulsion between
particles. According to (Marsalek, 2014) and (Tran et al., 2024), zeta potential values exceeding +30 mV
generally reflect good colloidal stability. Despite this, some agglomeration was still observed in ZAS80,
likely due to particle growth at elevated temperatures. (Basri et al., 2020) similarly reported that heating
during ZnO synthesis promotes agglomeration and results in larger particle sizes.
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Typically, ZnO particles carry a negative surface charge, so the positive value observed in ZA80 may
be attributed to surface modifications by plant-derived compounds during drying. This is supported by
(Vera et al., 2023) and (Alprol et al., 2024), who noted that organic constituents from plant extracts can
influence the surface charge of synthesised ZnO particles. For ZN samples, the zeta potential remained
negative and relatively stable across all drying temperatures, ranging from —22.03 to —24.60 mV. Although
these values fall below the +30 mV threshold typically associated with strong colloidal stability, their
consistency reflects a stable surface charge and corresponds with the minimal agglomeration observed.

Table 2. Zeta potential of ZnO (ZA & ZN)

ZA ZN
Temperature, °C Zeta Potential, Standard Deviation Zeta Potential, Standard Deviation
mV (SD) mV (SD)
60 -15.90 +0.40 -22.03 +0.49
70 -6.55 +0.97 —22.87 +0.45
80 +35.07 +0.84 —24.60 +1.28

Source: Author’s own data

Drying temperature also had a notable effect on the particle size of synthesised ZnO. For ZA samples,
particle size increased from 1.487 pm at 60 °C to 2.338 um at 70 °C, then slightly decreased to 2.082 um
at 80 °C. This trend suggests that moderate temperatures promoted particle growth, while higher
temperatures may have restricted it due to rapid moisture loss. A similar pattern was observed by
(Shariffudin et al., 2012), who reported an increase in ZnO grain size with drying temperatures up to 200
°C, followed by a decrease beyond that point, indicating a comparable growth—reduction behaviour despite
different temperature ranges. In contrast, ZN samples showed a decrease in size from 2.325 pm at 60 °C to
1.454 um at 70 °C, followed by a slight increase to 1.727 um at 80 °C. Overall, ZN produced smaller and
more uniform particles across the temperature range. This trend is supported by (Basri et al., 2020) and
(Gatou et al., 2023b), who observed that temperature optimisation during chemical precipitation promotes
the formation of smaller and more uniform ZnO particles. Fig. 6 demonstrates this temperature-dependent
change in particle size.

In conclusion, ZA samples were more affected by changes in drying temperature, leading to unstable
surface charge and larger particle sizes. Although ZA80 showed a strong positive zeta potential, which
suggests good stability, some agglomeration still occurred, and the overall results were not consistent across
temperatures. On the other hand, ZN samples showed more stable behaviour, with consistent negative zeta
potential and smaller, more uniform particles at all temperatures. This suggests that ZN is a better and more
reliable precursor for producing stable, well-dispersed ZnO particles.

3.5 Crystallite size and structure

XRD was used to confirm the crystal structure of the synthesised ZnO particles. All samples showed
diffraction peaks that matched the standard pattern for hexagonal wurtzite ZnO (JCPDS card no. 36-1451),
with main peaks at around 31.5°, 34.2°, and 36.0°, which correspond to the (100), (002), and (101) crystal
planes, also reported by (Zhao et al., 2006) and (Ramike et al., 2023). The results are shown in Fig. 7 and
Table 3. For ZA samples, the crystallite size increased with temperature, reaching the largest size of
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35.74 nm at 80 °C. This is because higher temperatures allow the particles to grow more, contributing to
improved crystalline quality and increased grain size (Shariffudin et al., 2012). These results agree with the
SEM images from Section 3.2, where larger and more compact synthesised ZnO particles were seen at
higher temperatures, especially at 80 °C.
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For ZN samples, the opposite trend was seen. Crystallite size slightly decreased as temperature
increased, from 27.96 nm at 60 °C to 24.13 nm at 80 °C. This may be due to faster nucleation at high
temperatures, which limits the growth of individual crystallites. (Zhao et al., 2006) observed that higher
temperatures increase seed size and nucleation density, affecting ZnO morphology and growth. Data from
SEM also support this, where the sample at 80 °C showed a flower-like shape with fine petals, a structure
often linked with small crystallite size and fast formation (Ali et al., 2020; Bekele et al., 2021; Suciyati, et
al., 2024b).

Table 3. Crystallite size of ZnO (ZA & ZN)

Crystallite size, nm

Temperature, °C

ZA ZN
60 30.66 27.96
70 29.06 28.46
80 35.74 24.13

Source: Author’s own data

Overall, both ZA and ZN produced ZnO with a wurtzite crystal structure, but ZN formed smaller and
more uniform crystallites. The wurtzite phase is known for its excellent stability and high surface activity,
which enhances photocatalytic efficiency, UV-blocking ability, and antimicrobial performance. Smaller
crystallites also increase surface area and active sites, improving reactivity. These properties are particularly
useful for intelligent packaging applications, where ZnO functions as an antimicrobial and UV-protective
material to extend product shelf life.

3.6 Functional groups

FTIR analysis confirmed the formation of synthesised ZnO particles through the presence of Zn—-O
stretching vibrations in the 400-600 cm™! range across all samples, consistent with reports by (Thongam et
al., 2019) and (Handore et al., 2014). In addition, several expected functional groups were detected, as
illustrated in Fig. 8. Broad peaks between 3278-3945 cm ™! were attributed to O-H and N-H bonds, likely
originating from plant extracts and moisture, which aligns with the findings of (Ulker et al., 2025), who
synthesised ZnO using Tilia tomentosa. Furthermore, peaks between 1384-2141cm™' indicated the
presence of C=0 or C=C groups, similar to observations by (Haji et al., 2025) using Citrullus lanatus.
Additionally, peaks in the 900-1400 cm™' region suggested C—H and C-O vibrations from organic residues,
in agreement with (Hameed et al., 2023), who used green algae as a reducing agent.

Moreover, drying temperature significantly affects peak sharpness and intensity. At 80 °C, Zn—O peaks
were clearer and organic-related peaks were reduced, suggesting better crystallinity and fewer residual
compounds. This is further supported by (MuthuKathija et al., 2023), who reported less agglomeration of
ZnO at 80 °C based on SEM analysis. In contrast, samples dried at 60 °C exhibited more organic-related
peaks, likely due to incomplete drying. Additionally, precursor type influenced the FTIR results. ZA
samples showed more organic-related peaks, especially above 1000 cm™!, indicating the presence of
remaining plant compounds. On the other hand, ZN samples exhibited cleaner spectra and stronger Zn—-O
signals, particularly at higher temperatures, suggesting better decomposition of organic matter and more
complete synthesis (Riwayati et al., 2024).
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Source: Author’s own data

Based on FTIR analysis, ZN is the better precursor for ZnO synthesis. It produced cleaner spectra with
stronger Zn—O signals and fewer organic-related peaks, especially at higher drying temperatures, indicating
more complete decomposition of plant compounds and better crystallinity. In contrast, ZA samples showed
more residual organic peaks, suggesting less efficient removal of plant-based materials during drying.
Therefore, ZN offers a more effective and controlled synthesis route for producing high-purity ZnO
particles.

3.7 Optical properties

UV-Vis spectroscopy was employed to evaluate the optical properties of the synthesised ZnO,
specifically by identifying absorption peaks and estimating band gap energy. This analysis reveals the
material’s ability to absorb ultra-violet (UV) light, which is essential for its effectiveness in UV-protective
applications. According to (Arif et al., 2015), a higher band gap indicates stronger UV-blocking capability
by enabling greater absorption of high-energy UV radiation. All ZnO samples showed absorption within
the expected UV range of 200—400 nm, confirming successful synthesis. Notably, ZA samples displayed
consistent absorption peaks between 269-273 nm, with the highest intensity of 4.08 A at 70 °C, suggesting
that moderate drying enhances crystallinity and reduces agglomeration (Limén-rocha et al., 2022). ZN
samples, on the other hand, showed strong absorption at 60 °C with absorption peak at 273 nm and intensity
of 3.06 A. However, at 70 °C, the peak shifted to 334 nm with reduced intensity, and at 80 °C, no clear peak
was observed, indicating poorer crystallinity and potential particle aggregation at elevated temperatures.

Furthermore, based on Table 4, band gap energy calculated using Planck’s equation ranged from
3.71to 4.61 eV, slightly above the standard ZnO range of 3.2 to 3.4 eV, due to nanoscale effects or surface
interactions (Junaid et al., 2023). Among the ZA samples, the band gap values remained stable between
4.53 and 4.61 eV, with the lowest value at 70 °C, aligning with the highest absorption intensity and
suggesting improved optical quality at this temperature. In contrast, ZN samples showed greater sensitivity
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to drying temperature; while the band gap was relatively high (4.54 eV) at 60 °C, it dropped sharply to
3.71 eV at 70 °C, and no measurable value was obtained at 80 °C due to the absence of a distinct peak. This
is likely because of the structural degradation and poor crystallinity caused by excessive thermal
decomposition of bioactive compounds, leading to incomplete ZnO formation. These findings indicate that
ZA offers better thermal stability and consistent optical performance, whereas ZN is more prone to
performance loss at higher temperatures.

Table 4. Bandgap energy of ZnO (ZA & ZN)

Wavelength, nm Intensity, A Bandgap Energy, eV
Temperature, °C
ZA ZN ZA ZN ZA ZN
60 269 273 2.20 3.06 4.61 4.54
70 273 334 4.08 231 4.53 3.71
80 270 - 2.58 - 4.58

Source: Author’s own data

4. CONCLUSION

This study successfully synthesised ZnO using mango seed extract via a green method and met all research
objectives. It investigated the effects of drying temperature and compared zinc acetate (ZA) and zinc nitrate
(ZN) precursors to identify optimal conditions for high-quality ZnO production. ZA samples consistently
gave higher extraction yields, with the highest is 37.80% at 60 °C, while ZN samples produced finer and
lighter powders. SEM and EDX confirmed ZN samples formed more uniform particles with a stable Zn:O
1 to 1 ratio. Zeta potential and particle size analysis showed ZN samples at 70 °C had the best stability of
—24.60 mV and smallest, most consistent microparticles. XRD analysis revealed that all samples had a
wurtzite structure. ZN samples had smaller crystallites, while ZA sample's crystallite size increased with
temperature. FTIR showed ZA samples retained more plant residues, while ZN samples especially at 70 °C
produced purer ZnO with stronger Zn—O signals. UV-Vis analysis found ZA samples at 70 °C had the
highest absorption of 4.08 A at 273 nm and a stable bandgap of 4.53 eV, indicating better UV-shielding
properties. ZN sample's optical performance declined above 70 °C, with no measurable bandgap at 80 °C.
In summary, ZA sample at 60 °C offers high yield, ZA sample at 70 °C is ideal for UV protection, and ZN
sample at 70 °C provides the best balance of stability, purity, and fine particle morphology, making it
suitable for advanced applications.
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