JOURNAL OF ELECTRICAL AND ELECTRONIC SYSTEMS RESEARCH

https://doi.org/10.24191/jeesr.v27i1.003

Characterization of Fe-doped ZnO from Kaffir
Lime Extracts for Antibacterial Applications
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Abstract—In this work, ZnO nanoparticles were doped with
ferrum metal to improve their ability to interact more with the
bacteria. The process to fabricate ZnO is called the biosynthesis
method, using lime extract to grow the ZnO nanoparticles. After
the chemical process was completed, the surface morphology, and
structural properties of the sample was evaluated by FESEM,
EDS, and XRD measurements. XRD measurement shows a good
crystalline quality of Fe-doped ZnO nanoparticles. EDS
measurement is confirmed the existence of Zn, O, Fe elements in
the sample. We investigated the antibacterial activity of Fe-doped
ZnO NP samples at 1 mg/ml against E. coli and S. aureus. The
result from the antibacterial activity of Fe-doped ZnO NP samples
at 1 mg/ml against S. aureus shows that there was a 10 + 0.6 mm
inhibition zone for the mixed Fe-doped ZnO and 10% DMSO,
indicating moderate activity.

Index Terms— Antibacterial, citrus lime extracts, ferrum, ZnO.

I. INTRODUCTION

Zinc oxide (ZnO) is one of the popular semiconducting
materials to be used in various industrial applications.
Basically, ZnO has a hexagonal wurtzite structure, and it is
extensively used in the nanotechnology fields. At room
temperature, the bandgap of ZnO is reported as 3.3 eV, the
exciton binding energy as 60 meV, and its use in electronics and
healthcare applications. ZnO nanoparticles are very useful for
many optoelectronic, healthcare, and industrial fields. ZnO also
offers the transparency of visible light and improves the
conductivity of oscillation. It also has the potential to be applied
in fabricating solar energy due to its ability to counter the
optical and chemical corrosion [1, 2].

ZnO has many potentials to be used in many applications in
our daily activities. ZnO has the ability to treat bacteria. Many
reports used ZnO nanoparticles for the wastewater treatment
[3], photocatalysis [4], and antibacterial treatment [5]. ZnO is
proven to degrade the dye contamination and antibacterial
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applications. There are many methods that can be employed to
produce ZnO nanoparticles, such as chemical deposition [6],
physical sputtering [7], hydrothermal method [8], sol-gel [9],
vapour deposition method [10], combustion [11], and co-
precipitation [12]. One of the significant advantages of ZnO
over titanium dioxide is its ability to absorb a large visible
spectrum while constantly maintaining its energy band gap and
also the degradation of the photocatalysis mechanism. By
introducing noble metals such as titanium, silver, iron, etc. [13],
ZnO is believed to expand its absorption capability and
efficiency. The addition process of ions is required to reduce
the energy band gap under visible light exposure for the
photocatalytic process. The red shift is observed in the ZnO
structure after doping with metals and nonmetals when the
photocatalytic process starts [14]. Moreover, the lowered
energy gap of ZnO due to the doping process helps to boost the
photocatalytic process when charge separation between
electron and hole increases [15, 16, 17, 18] and a new level of
trap for electron and hole is created [19].

The author(s) in [20] used a two-step anodisation method to
produce Fe-doped ZnO nanoparticles for photocatalytic and
antibacterial applications [20]. They showed that Fe-doped
ZnO nanoparticles can improve the electrical conductivity at
room temperature, photocatalytic degradation, and antibacterial
mechanisms [20]. The author(s) in [21] synthesised Fe-doped
ZnO nanoparticles with different Fe amounts and changed their
composition by introducing them to 3-
aminopropyltriethoxysilane (APTES) and poly(ethylene
glycol)-600 (PEG-600) [21]. High effect of antibacterial
activity when using the modified Fe-doped ZnO nanoparticles
under UV light exposure [21]. The author(s) in [22] used a
natural extract of Myrtus communis L. to produce Fe-doped
ZnO [22].

The doped ZnO showed excellent photocatalytic activity in
the degradation of Acid Yellow-3 under UV light illumination
[22]. Roguai and Djelloul (2021) prepared Fe-doped ZnO using
a simple coprecipitation method [23], showing that the increase
of Fe compositions reduced its energy gap and formed a single-
phase structure [23]. Comparing all these methods, the co-
precipitation method is a popular method and widely used for
this material due to its low cost and ease of controlling the
stoichiometry and homogeneity. The nature characteristics of
ZnO nanoparticles can be altered by doping with different
impurity atoms.

However, there are limited reports on ZnO nanoparticles
synthesized via the biosynthesis process and doped with the
ferrum element using a chemical process. Fe-doped ZnO
nanoparticles used for antibacterial treatment are also reported
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here for the first time, as far as our knowledge is concerned. The
low-cost methods are for both processes, offering a better way
to reduce the chemical risk and pollution, but they are also very
efficient ways to eliminate Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) bacteria.

The main objective of this work is to study the effectiveness
of Fe-doped ZnO nanoparticles against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) bacteria,
respectively.  The surface morphological, elemental
composition, and structural characteristics were investigated by
FESEM, EDX, and XRD equipment.

II. EXPERIMENTAL PROCEDURE

Kaffir lime, or citrus hystrix, was used in the biosynthesis of
zinc oxide nanoparticles because it was easily found in the
nearby market and exhibited excellent behaviour as a bio-
reduction in the treatment. The fresh kaffir lime fruits were
rinsed with deionised water, and they were dried at room
temperature. The juice from the fruits was manually extracted
and filtered using a muslin cloth to remove unnecessary
particles. 50 mL of deionised water was mixed with 0.1 M zinc
acetate dihydrate, and the mixture was stirred continuously for
one hour using a magnetic stirrer. 25 mL of the filtered juice
was added to the mixture, followed by titration with NaOH until
the pH reached 12. The mixture was continuously stirred at 500
rpm for the next three hours. One can see that the final colour
of the ZnO NPs sample is brownish yellow, indicating the
completion of ZnO NPs using citrus hystrix extracts. For the
doping process, 0.029 g FeCl, and 1 g of ZnO were mixed in
100 ml DI water, and it was stirred for 30 minutes, as shown in
Fig. 1.

Dissolve 0.029 g of FeCI3 and

1.0gof ZnO'in 100 mL
Dl water then stir for 30min

transfer solution from beaker to
roundbottom flask

Place into reflux system
then heat at 80°C for 2 hours

l

Filter precipitates then
wash precipitates

Dry at 80°C for 4 hours and
Calcine at 400°C for 1 hour

Fig. 1. A schematic diagram for the synthesis of Fe-doped
ZnO NPs.

The mixture was then transferred to a round-bottom flask and
heated in the reflux system at 80°C for 2 hours. The precipitates
were filtered and rinsed with DI water to remove unnecessary
particles. The samples were transferred to a furnace and dried
at 80°C for four hours and calcined at 400°C for one hour. For
the antibacterial test, the disc diffusion method using Muller-
Hinton agar was used. The bacterial strains of Escherichia coli
and Staphylococcus aureus were used for the antibacterial test.
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Field emission scanning electron microscopy (FESEM) was
used to study the surface morphology of the sample. The
elemental composition of a sample was investigated by energy-
dispersive X-ray (EDX) spectroscopy. The structural
characteristic of a sample was examined by X-ray diffraction
(XRD) machine.

III. RESULT AND DISCUSSION

Fig. 2 shows the FESEM image of the Fe-doped ZnO
nanoparticles produced by a sol-gel method. The FESEM
micrograph reveals that the Fe-doped ZnO possesses a highly
agglomerated morphology constituted by nearly spherical
nanoparticles, which are arranged into cauliflower-like
agglomerates. The particles are uneven in size with smaller
primary nanoparticles forming larger secondary particles,
resulting in a porous surface texture. This morphology is largely
attributed to the incorporation of Fe ions into the ZnO lattice,
which interferes with the preferential c-axis growth of ZnO
crystals and promotes isotropic nucleation over anisotropic rod-
or wire-like morphology. So, although the particles remain
within a nanoscale range, they tend to agglomerate owing to
their high surface energy, as is common with oxide
nanoparticles synthesized via sol-gel or precipitation pathways.
Overall, the spherical, porous, and aggregated morphology of
the nanoparticles is a result of the synergy between Fe doping,
synthesis route, and surface energy minimization, all of which
suppress the formation of well-faceted ZnO crystals.

Fig. 2. FESEM image of Fe-doped ZnO NPs.

Fig. 3 indicates the EDS elemental mapping images of Fe-
doped ZnO and weight elemental studies of the sample,
indicating that Zn, O, and Fe are the major elements of the
sample. The results confirm that there are no impurities existed
and all elements were uniformly distributed on the surface of
the sample, which is in good agreement EDX measurement in
Fig. 4 and the FESEM image.

Fig. 5 shows the structural XRD analysis of the Fe-doped
ZnO nanoparticles. The emergent peaks detected in the range
spectrum between 25 and 80° were verified by the standard
JCPDS card 01-074-0534 [24]. The ZnO peaks appeared at
31.85°,34.49°,36.33°,47.75°,56.66°,63.03°,66.73°, 68.11 and
69.29-are of respective [100], [002], [101], [102], [110], [103],
[200], [112], and [201] planes. All the peaks are sharp, proving
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the sample has a good crystalline quality [25] and tiny size
particles for the broadness at the peak bases [26]. No other
elements or contamination peaks are detected, indicating a
purely Fe-doped ZnO nanoparticles successfully
synthesized through this work.

were
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Fig. 3. EDS elemental mapping image of Fe-doped ZnO
NPs. (a) Zn mapping, (b) O mapping, and (c)Fe mapping.
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Fig. 4. EDX percent of Fe-doped ZnO NPs.
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Fig. 5. A schematic diagram for the synthesis of Fe-doped
ZnO NPs.

The crystallite size(s) of the ZnO nanoparticles are
determined by a Debye-Scherrer formula, as in (1).

0.914

b= (BcosB) M
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where f$ is the full width at half maximum (FWHM, in radians)
of the diffraction peak, O is the Bragg diffraction angle (in
radians), D is the crystallite size (in nanometres), and A is the x-
ray wavelength (0.15406 nm).

The diffraction peak position (20), full width at half
maximum (FWHM), and crystallite size were presented in
Table 1. The average crystallite size is calculated as 10.50 nm,
confirming that the ZnO is in the nano size range.

TABLEI CRYSTALLITE SIZE OF ZNO NPS AT DIFFERENT DIFFRACTION
PEAK POSITION
20 FWHM Crystallite Size (nm)

31.79924 0.63917 13.5
34.48278 0.4856 17.89
36.28464 0.61727 14.15
47.61667 1.26485 7.17
56.65802 0.98506 9.57
62.94316 1.2086 8.05
68.19423 3.12905 3.2

The effectiveness of doped ZnO of antibacterial reaction
depends on several factors such as physico-chemical, type and
concentration of ion dopant, dye structure, and bacterial type
[27]. Table 2 shows the antibacterial activity of Fe-doped ZnO
NPs samples at 1 mg/ml against E. coli. We found that the Fe-
doped ZnO in 10% DMSO solution showed significant
antibacterial activity with a mean inhibition zone of 21 + 0.6
mm. However, when the Fe-doped ZnO NPs samples were
mixed with 10% methanol solution, there was no activity
observed. Meanwhile, Fe-doped ZnO was mixed with 10%
acetic acid, and a 10 = 0.6 mm inhibition zone was created,
showing a moderate reaction. On the other hand, positive
control of ciprofloxacin shows a significant antibacterial
reaction with an inhibition zone of 38 mm. While for the
negative control samples, there is no activity detectable except
for the 10 % acetic acid solution.

TABLE 2. ANTIBACTERIAL ACTIVITY OF NANOPARTICLE SAMPLES AT 1 MG/ML
AGAINST E.COLI

Inhibition
Zone (mm)
Solvent 1 2 3 Mean +
SD
10% DMSO 21 21 20 21+0.6
10% Methanol NA NA NA NA
10% Acetic Acid 11 10 10 10+0.6
PC, 1 mg/ml ciprofloxacin 38 - - -
NC, 10% DMSO NA - - -
NC, 10% Methanol NA - - -
NC, 10% Acetic Acid 20 - - -

Table 3 shows the antibacterial activity of Fe-doped ZnO
NPs samples at | mg/ml against S. aureus. We observed that
there was a 10 £ 0.6 mm inhibition zone for the mixed Fe-doped
ZnO and 10% DMSO, showing moderate activity. When the
Fe-doped ZnO was mixed with 10% methanol, the mean
inhibition zone was recorded as 16 + 1.2 mm, indicating good
antibacterial activity.



TABLE 3. ANTIBACTERIAL ACTIVITY OF NANOPARTICLE SAMPLES AT 1 MG/ML
AGAINST S. AUREUS

Inhibition
Zone (mm)
Solvent 1 2 3 Mean+SD

10% DMSO 10 9 10 10£0.6
10% Methanol 16 16 18 16 £1.2
10% Acetic Acid 12 12 13 12+0.6
PC, 1 mg/ml ciprofloxacin 25 - - -
NC, 10% DMSO NA - - -
NC, 10% Methanol NA - - -
NC, 10% Acetic Acid 17 - - -

Moderative reaction is also reported when Fe-doped ZnO
was placed in 10% acetic acid, generating a 12 = 0.6 mm
inhibition zone. Besides, positive control (ciprofloxacin) shows
an inhibition zone of 25 mm, which is a higher antibacterial
activity rate. While there was no activity observed for the
negative control (10% DMSO and 10% methanol), except for
10% acetic acid, with an inhibition zone of 17 mm. Previous
work states that the antibacterial activity increased when
applying to both gram-negative and positive bacterial species,
compared without doping [27]. Besides, same finding also
discovered from previous works [28-30], when they
investigated the impact of different metals doping on the
antibacterial mechanism of ZnO nanoparticles.

The author(s) in [31] reported that the Fe-doped ZnO NPs
with Fe 5wt% content showed the highest efficacy of bacterial
inhibition for E. Coli [31]. Previous work has indicated the Fe
5wt% content improved the bacterial inhibition, where Zn?" ion
was released from the process of reactive oxygen species (ROS)
to interrupt cellular functions and form defect [32]. Meanwhile,
lower Fe content in ZnO indicates a higher antimicrobial
activity compared with the undoped ZnO NPs.

There were several factors that may influence the
effectiveness of the doping compound on the photocatalytic and
antimicrobial activities, such as physico-chemical properties of
nanomaterials, the type and concentration of dopant, and the
dye and bacterial cell’s structure [32]. Moreover, the decreasing
particle size of ZnO will increase the antimicrobial activity,
where the surface-to-volume ratio has increased, resulting more
efficiency for antibacterial activity [33]. The concentration of
particle medium is also reported to be more effective in growing
a larger bacterial inhibition area than particle size [34].
Meanwhile, other works reported a ZnO has a better
antibacterial result for Gram-positive bacteria than Gram-
negative bacteria [34]. The structure of the cell membrane is the
cause of the different results of both Gram-positive and
negative bacteria. Gram-positive bacteria are characterized by
peptidoglycan layer, teichoic, and lipoteichoic acids. While
Gram-negative bacteria are formed by lipopolysaccharide and
peptidoglycan materials, which protect it from the damage
caused by the ZnO particles. Overall, Fe-doped ZnO
nanoparticles are beneficial in treating both Gram-positive and
Gram-negative samples. These findings were well in agreement
with other reports [34, 35], where ZnO nanoparticles have been
proven to perform the antibacterial activity.
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IV. CONCLUSION

As a conclusion, we have successfully synthesized Fe-doped
ZnO nanoparticles using kaffir lime extracts for antibacterial
applications. FESEM result shows the spherical agglomeration
of Fe-doped ZnO nanoparticles. EDS measurement confirms
the presence of all important elements in the doped material.
XRD analysis indicates a good crystalline quality of the sample.
For the antibacterial activity of Fe-doped ZnO NP samples at 1
mg/ml against E. coli. The Fe-doped ZnO in a 10% DMSO
solution indicated important antibacterial activity with a mean
inhibition zone of 21 + 0.6 mm. The result from the antibacterial
activity of Fe-doped ZnO NP samples at 1 mg/ml against S.
aureus shows that there was a 10 = 0.6 mm inhibition zone for
the mixed Fe-doped ZnO and 10% DMSO, indicating moderate
activity.
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