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ARTICLE INFO ABSTRACT

Keywords: Addressing the dual challenges of antimicrobial resistance and pharmaceutical contamination in wastewater is
Undoped and Fe-Doped ZnO crucial for global health and environmental preservation. Predictions estimate up to 10 million annual deaths by
LACBS

2050 due to antimicrobial resistance, underscoring the urgent need for innovative solutions. This study explores
the potential of zinc oxide Sub-Microparticles (ZnO SMPs) doped with iron (Fe) to enhance the photocatalytic
degradation of pharmaceutical compounds in water and improve antimicrobial efficacy. A green laser-assisted

Photocatalytic efficiency
Antimicrobial efficacy

Paracetamol

XRD chemical bath synthesis method created ZnO SMPs with varying Fe dopant concentrations (1 %, 1.5 %, and 3
SEM %). The synthesized Sub-Microparticles underwent rigorous structural analysis using X-ray diffractometry, SEM,
FTIR EDX, FTIR, and UV-visible spectrophotometry techniques. Their photocatalytic performance was evaluated in

the degradation of paracetamol under blue laser light, and their antimicrobial properties were assessed following
CLSI guidelines. Structural analyses confirmed the hexagonal wurtzite structure of ZnO SMPs, with noticeable
changes due to Fe doping, including a transition from sub-microrods to sub-microsheets and a redshift in the
optical band gap. Photocatalytic tests revealed a significant enhancement in paracetamol degradation efficiency,
increasing from 53.41 % with pure ZnO to 98.99 % with 3 % Fe-doped ZnO in 50 min. Antimicrobial assays
demonstrated an increased inhibitory effect against pathogens, with Fe-doped ZnO outperforming control discs.
This study substantiates the potential of Fe-doped ZnO SMPs in wastewater treatment and antimicrobial appli-
cations, showcasing significant improvements in photocatalytic degradation of pharmaceutical compounds and
antimicrobial efficacy. The findings underscore the importance of continuing research in this domain for envi-
ronmental and public health benefits.
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1. Introduction

In recent years, the environmental impact of pharmaceuticals has
emerged as a critical concern, highlighting the urgent need for effective
remediation strategies [1,2]. Pharmaceuticals, characterized by their
persistence and bioaccumulation, are increasingly detected in aquatic
ecosystems due to inadequate removal during conventional wastewater
treatment processes [3,4]. Consequently, these contaminants enter
natural water bodies, causing ecological and health issues and contrib-
uting to antimicrobial resistance [1,5].

The challenge in degrading pharmaceuticals lies in their complex
molecular structures and chemical properties, making conventional
methods insufficient [2,4]. Advanced oxidation processes, like photo-
catalysis, offer a potential solution by using highly reactive species to
break down complex pollutants into less harmful substances [6,7]. Zinc
oxide (ZnO), a semiconductor with a wide band gap of about 3.37 eV
and a large exciton binding energy of 60 meV, shows exceptional pho-
tocatalytic activity under UV light due to its ability to generate
electron-hole pairs [8-10].

However, ZnO’s photocatalytic efficiency is limited by its wide band
gap, restricting its absorption to the UV region, a small fraction of the
solar spectrum [11]. Efforts are underway to modify ZnO to absorb
visible light, enhancing its practical applicability for degrading a
broader range of pollutants [12,13]. The rapid recombination of
photo-generated electron-hole pairs in ZnO also hampers its photo-
catalytic performance [14]. Doping ZnO with transition metals, such as
iron, introduces new energy levels that reduce recombination rates,
improving overall photocatalytic activity [15,16].

Iron doping narrows ZnO’s band gap, allowing it to absorb more
visible light, thus enhancing photocatalytic activity [6,17]. It also re-
duces electron-hole pair recombination by creating trap sites, extending
their lifespan, and increasing the likelihood of pollutant degradation
[11,12]. Iron’s multiple oxidation states (Fe2+ and Fe®*) facilitate various
redox reactions, further boosting the degradation of complex organic
pollutants, including pharmaceuticals [18]. Iron-doped ZnO nano-
particles also exhibit enhanced antimicrobial properties. The interaction
between iron ions and microbial cells generates reactive oxygen species
(ROS), which are lethal to many microorganisms [19,20]. This dual
functionality—efficient pollutant degradation and antimicrobial activi-
ty—makes Fe-doped ZnO nanoparticles valuable for environmental
remediation and public health protection [20,21].

The laser-assisted chemical bath synthesis (LACBS) technique for
synthesizing Fe-ZnO nanoparticles ensures controlled and uniform iron
incorporation into the zinc oxide matrix [8,22,23]. This method allows
precise tuning of iron doping concentration, which is critical for
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optimizing photocatalytic and antimicrobial properties. Excessive
doping can lead to visible light shielding, decreased surface area, and
larger particles, diminishing photocatalytic activity [24,25]. The
laser-assisted technique also promotes well-defined nanoparticle sizes
and shapes, which is crucial for maximizing surface area and active sites
for photocatalytic reactions [8,26]. The thermal effects of the laser
enhance the crystalline structure, ensuring robustness and stability
under operational conditions, which are essential for long-term envi-
ronmental applications [27,28]. This study assesses the performance of
iron-doped sub-microparticles (ZnO SMPs), synthesized via LACBS,
against diverse pathogens and their capability to degrade pharmaceu-
ticals. The goal is to comprehensively understand the nanoparticles’
antimicrobial efficacy, mechanisms of action, and contributions to
environmental sustainability.

2. Materials and methods
2.1. Experiment Setup

The experiment utilized materials and supplies, including Hexa-
methylenetetramine (HMTA), Zinc acetate dihydrate, deionized water,
Iron (IIT) chloride, and paracetamol. For microbial assays, the organisms
employed were Escherichia coli, Staphylococcus aureus, Candida albicans,
Klebsiella pneumonia, and Bacillus subtilis. The culture media used
included Sabouraud Dextrose broth and Mueller-Hinton Broth. Addi-
tional supplies for the assays included sterilized filter paper discs, single-
use Petri dishes, McFarland standard sets, and antibiotics such as
gentamicin and nystatin.

2.2. Catalyst preparation

Three solutions were prepared: solution A with 2.195g of zinc acetate
in 50 mL deionized water, solution B with 1.402g of HMTA in 50 mL
deionized water, and solution C with 1.622g of iron chloride in 50 ml
deionized water. All solutions were adjusted to 0.2 M and underwent
stirring and sonication for complete solute dissolution.

2.3. Synthesis method

Undoped ZnO sub-micro-powders were synthesized by mixing solu-
tion B into solution A, with constant stirring at ambient temperature for
15 min, followed by green laser irradiation (532 nm wavelength, 10 W
power). This mixture was stirred magnetically at 65 °C for 90 min to
form ZnO ZnO SMPs. Post-formation, these structures were filtered,
thoroughly washed with ethanol, dried at 110 °C for 25 min, and
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Fig. 1. Schematic of synthesis process for pure and Fe-doped ZnO SMPs.
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(c) UV-Vis Spectrophotometer

Fig. 2. Diagram of working principles.

annealed at 450 °C for 3.5 h for purification and impurity removal.

We employed a similar procedure to produce Fe-doped ZnO sub-
micro-powders using solutions A, B, and C. For a comprehensive un-
derstanding of the steps involved in synthesizing both undoped and Fe-
doped ZnO ZnO SMPs, one can refer to the illustrative details provided
in Fig. 1.

2.4. Determination of zinc oxide properties

Advanced analytical techniques were used to analyze the crystal
characteristics of the specimens. Phase and structural analysis were
conducted using a Rigaku X-ray diffractometer (XRD). A JEOL JSM-
7600F Scanning Electron Microscope (SEM) and Energy-Dispersive X-
ray (EDX) analysis examined the surface topography and chemical
composition of ZnO SMPs. Fourier-Transform Infrared Spectroscopy
(FTIR) assessed the molecular structure of iron-doped ZnO, while an
Ultraviolet-Visible (UV-Vis) spectrophotometer (PE lambda 750S
model) and a UV-Vis spectrum analyzer determined and confirmed the
optical absorption properties.

2.5. Photocatalytic activity experiments

Photocatalytic tests were conducted at room temperature using a
444.5 nm blue laser light. The procedure involved mixing 10 mg of
catalysts with 20 ppm paracetamol solution, stirring it, and allowing it
to sit in darkness for 20 min to achieve adsorption-desorption equilib-
rium. Upon irradiation, 5 mL samples were extracted every 10 min for
analysis. UV-visible spectroscopy was used to analyze these samples,
detecting peak paracetamol absorption at 240.58 nm (see Fig. 2). The
degradation rate and efficiency were quantified using established
equations (1) and (2) [29].

o
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Samples were extracted every 10 min for 50 min, filtered, and
analyzed via UV-visible spectroscopy to monitor the degradation of
paracetamol at its absorption peak of 240.58 nm. Control experiments
without catalysts were also performed to account for natural photolysis
of the compound. Data analysis involved plotting In(Co/C) against time
to determine the rate constants using a first-order kinetic model, and
photodegradation efficiencies were calculated to quantify the catalyst
performance.

2.6. Structural parameters and optical bandgap calculations

Using the LACBS technique, undoped and doped ZnO SMPs were
synthesized and analyzed for structural properties. Key focus areas

included the 002 diffraction peak characteristics like peak position (26),
intensity, full width at half maximum FWHM, lattice constants (a, b, c),
and internal strain stress (&g, €:). XRD was the primary method used,
applying Bragg’s equation (Eq. (3)) to estimate residual stress in the ZnO
SMPs [30,31].

The Debye-Scherer formula (Eq. (4)) was used to analyze the crystal
structure and size of ZnO samples, considering a constant (k = 0.94), the
Bragg angle (0), X-ray wavelength (4 = 1.5427), and FWHM (f). The
study focused on HMTA exposure duration. Lattice constants (a, b, ¢) for
both doped and undoped ZnO were calculated using Egs. (5) and (6).
Baseline constants (a,, ¢,) were obtained from X-ray diffraction.
Perpendicular strain (¢,) and c-axis strain (¢.) in ZnO films were quan-
tified using Eq. (7) and Eq. (8), respectively, with films developed on
Kapton tape substrates [30,32].
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The optical bandgaps were calculated using Eqs. (9) and (10),
incorporating constants like the absorption coefficient (a), light speed
(c), Planck’s constant (h), absorption constant (A), maximum absorption
wavelength (1), and a semiconductor-specific constant (n = 2 for direct
bandgap, ! for indirect) Eq. (10) was used for analyzing the optical
properties, and Fig. 6 shows the ZnO sub-microsheets’ optical energy
bandgap data [29].
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2.7. Microbial assay

The antimicrobial efficacy of iron-doped zinc oxide was assessed
following the Clinical and Laboratory Standards Institute guidelines
[33]. Bacterial strains were grown in Mueller Hinton Broth at 37 °C and
C. albicans in Sabouraud Dextrose broth at 30 °C for at least 4 h. Then,
100 pL of these cultures were placed onto sterile Mueller Hinton Agar
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Fig. 3. XRD of pure & Fe-doped ZnO SMPs.

Table 1

Lattice parameters and structure of pure and FE-doped ZnO [(002) diffraction peak].
Samples 20, (deg) d p. (Rad.) I D, (nm) a=Db, (nm) ¢, (nm) £q &
Pure ZnO 34.21 2.6264 0.00752 580 19.2867 0.3025 0.5240 —6.8847 0.7080
ZnO:Fe(; o) 34.21 2.6243 0.00753 348 19.2599 0.3025 0.5240 —6.8847 0.7080
ZnO:Fe( 5 o) 34.20 2.6381 0.00754 284 19.2550 0.3026 0.5242 —6.8583 0.7366
ZnO:Fe(s o) 34.18 2.6242 0.00754 159 19.2450 0.3028 0.5245 —6.8054 0.7938

plates. Control discs were soaked in nystatin and gentamicin, whereas
test filter paper discs received 1 mL of sub-microcolloid and were dried
for 24 h. The inhibition zones were measured to the nearest millimeter.
A Zone of Inhibition (ZOI) of zero indicated resistance; any visible zone
suggested susceptibility.

3. Results
3.1. X-ray diffraction results

Fig. 3 displays the XRD patterns of four samples. The undoped ZnO
shows hexagonal wurtzite structure peaks, indicating single-phase
crystallinity with c-axis orientation. Fe-doped ZnO samples have
sharper, less intense peaks, with no iron oxide peaks, maintaining hex-
agonal wurtzite crystal clarity. ZnO:Fe samples (1 %, 1.5 %, 3 %) exhibit
pronounced (002) lattice plane peaks. Increased doping levels result in
leftward diffraction angle shifts, reduced peak intensity, and wider
FWHM.

Table 1 illustrates the computed strain values, where negative
numbers signify the occurrence of compressive stress. A correlation was
noted between the shift in the diffraction angle of the (002) peak and a
diminished d-spacing, following Bragg’s Law. Alterations in the growth
conditions, notably the duration of HMTA exposure, were pivotal in
influencing the crystal morphology. This variable was instrumental in
steering grain growth and led to the decomposition of HMTA into OH
ions, thereby promoting the combination of Zn' and OH™ ions and

consequently increasing the size of the ZnO crystals. The lattice con-
stants (a, b, and c) for the ZnO specimens aligned with the established
standards in the Joint Committee on Powder Diffraction Standards
(JCPDS) card no. 01-079-0206, with the standard lattice constants for
ZnO thin films documented as a, = 3.2494 A and ¢, = 5.2038 A.
Additionally, the bond lengths of ZnO measured in this research were
consistent with the acknowledged literature value of 1.9767 A

Table 1 also encapsulates the structural parameters of the ZnO SMPs
synthesized through the LACBS method. The majority of these param-
eters remained stable across varying doping concentrations. Nonethe-
less, an evident decrease in diffraction intensity was observed when the
doping levels were increased. The detected strains in these materials
were deduced to stem from intrinsic and extrinsic origins, with extrinsic
strains being attributed to defects and impurities.

3.2. Scanning Electron Microscope

This study used SEM to examine the morphology of pristine ZnO and
Iron-doped ZnO (1 %, 1.5 %, 3 %) ZnO SMPs. SEM images (Fig. 4)
revealed a morphological change from hexagonal sub-microrods in
undoped ZnO to densely packed ZnO sub-microsheets with Iron doping.
The sub-microsheets grew non-perpendicularly to the substrate and
exhibited a dominant (002) peak. While ZnO sub-microrods had a
wurtzite lattice, the sub-microsheets showed an increased aspect ratio.
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3.3. Energy dispersive X-ray spectroscopy

To investigate the elemental makeup of the produced sub-
micropowders, EDX spectroscopy was employed, focusing on undoped
ZnO and ZnO integrated with various Fe concentrations (1 %, 1.5 %, and
3 %). The outcomes, displayed in Fig. 5, authenticated the existence of
Zn, O, and Fe within all the samples subjected to the analysis. Notably,
the sample of pure ZnO revealed a stoichiometric balance between zinc
and oxygen, with their proportions being 47.66 % for Zn and 52.34 % for
O, respectively. Furthermore, an elaborate elemental analysis of the
samples enriched with Fe is meticulously cataloged in Table 2.

3.4. UV-Vis absorption

The UV-visible absorption spectra (Fig. 6) showed that undoped ZnO
had an absorption edge at 376.89 nm (3.29 eV band gap) with a sig-
nificant shift indicating electron transitions. Fe doping caused a redshift
in the absorption edge, lowering the band gap: 1 %, 1.5 %, and 3 % Fe-
doped samples had direct band gaps of 3.17 eV, 3.06 eV, and 2.91 eV,
respectively, and indirect band gaps of 2.85 eV, 2.66 eV, and 2.28 eV,
compared to the undoped sample’s 2.93 eV. These changes are graphi-
cally depicted in Fig. 6.

3.5. Fourier-transform infrared spectra

The FTIR analysis showed peaks from 500 to 600 cm™?, indicating
bond stretching modes, with Zn-O stretching vibrations in hexagonal
zinc oxide crystals observed between 537 and 680 cm ™ '. The charac-
teristic ZnO band at approximately 530 cm ™! was noted in both undoped
and Fe-doped ZnO SMPs (Fig. 7). Infrared spectroscopy of ZnO-based
sub-microsheets revealed O-H stretching (3300-3700 cm’l) due to hy-
droxyl groups or surface-adsorbed water, a 1500 cm ™! peak for Zn(OH),
bending vibrations, and symmetric/asymmetric C=0 stretching vibra-
tions. Peaks around 2350 cm ™! may be linked to CO absorption from air
and moisture on metal cation surfaces.

To enhance reproducibility in research involving the characteriza-
tion of ZnO nanostructures, clear, detailed protocols for each analytical
technique are essential. For XRD, ensure samples are finely ground,
evenly distributed on the sample holder, and scanned from 20° to 80° 26
using a Rigaku diffractometer. SEM imaging, using a JEOL JSM-7600F,
requires samples to be mounted and possibly coated with a conductive

material, followed by imaging at various magnifications to assess
morphology. EDX should be integrated with SEM to provide elemental
composition analysis under the same sample conditions. FTIR involves
mixing the sample with potassium bromide to form pellets for trans-
mission mode analysis on a Nicolet iS10 spectrometer. UV-Visible
Spectroscopy measurements should be done on a PE Lambda 7508
spectrophotometer, analyzing the absorption from 200 nm to 800 nm to
determine the optical bandgap using the Tauc plot method. For photo-
catalytic activity experiments, disperse the catalyst in a paracetamol
solution, allow equilibrium in darkness, then expose to a blue laser,
sampling every 10 min for UV-Vis analysis of degradation rates. These
protocols ensure systematic execution of characterization techniques,
fostering reproducibility and reliability in results.

3.6. Photocatalyst study

3.6.1. Blue laser/UV-Vis photocatalytic degradation studies

The primary aim of this investigation was to explore the photo-
catalytic abilities of ZnO specimens, both in their pure form and when
doped with Fe, in breaking down paracetamol. To carry out this analysis,
the absorption spectra were scrutinized prior to and following irradia-
tion with a blue laser (having a wavelength of 444.5 nm and light in-
tensity of 7 W/cm?), illustrated in Fig. 8. Every tested ZnO sample
showcased a pronounced photocatalytic activity when subjected to the
blue laser, evidenced by a steady reduction in the paracetamol absorp-
tion spectra as the duration increased. Notably, the ZnO sample that was
augmented with Fe displayed a more potent photocatalytic performance
due to its reduced band gap energy. Detailed insights into the photo-
catalytic degradation kinetics, crucial for calculating the rate of para-
cetamol breakdown, are provided in Table 3, where the natural

logarithm In (%) of the initial concentration to the concentration at

varying intervals is plotted against time.

The evaluation of photodegradation efficiency (PDE%) was carried
out by applying Equation (2), which is visually represented in Fig. 9.
This figure highlights a direct and proportional relationship between the
extent of photocatalytic degradation and the duration of exposure to
irradiation. In an experiment involving agitation under blue laser irra-
diation for 10 min, the adsorption percentages observed were 17.26 %
for pure ZnO, 47.14 % for ZnO:Fe(; ), 56.70 % for ZnO:Fe(; 5 o), and
66.94 % for ZnO:Fe(s o). These values significantly increased after an
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Table 2
EDX of Fe-doped ZnO SMPs.
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extended irradiation period of 50 min, reaching 53.41 %, 76.67 %,
78.89 %, and 98.99 % for the respective materials. The rate at which the
pollutant degraded over time was also meticulously analyzed, employ-
ing photodegradation kinetics (C,/ C), with the findings presented in
Fig. 10.

Fig. 11 displays the degradation of paracetamol using blue laser and
zinc oxide photocatalysts, both undoped and iron-doped. The rate con-
stants, calculated using Eq. (1), are in Table 3, comparing the effi-
ciencies of undoped and Fe-doped ZnO. 3 % iron-doped ZnO has the
highest efficiency.

Results indicated a superior photocatalytic activity of Fe-doped ZnO
nanoparticles, with significant enhancements in degradation rates and
efficiency compared to the undoped samples. These findings highlight
the effectiveness of iron doping in enhancing the photocatalytic prop-
erties of ZnO, providing insights into the potential for optimized catalyst
design in environmental applications.

3.6.2. Photocatalytic stability

The [ZnO:Fe(s o] catalyst sample demonstrated consistent photo-
stability when illuminated with a blue laser in freshly prepared para-
cetamol solutions. A slight decrease in photocatalytic degradation was
observed across four subsequent experimental rounds following the
initial test. The PDE% values were calculated using Equation (2). After
stirring for 50 min under blue laser exposure in each cycle, the
adsorption percentages were recorded as 97.86 % for the first cycle,
96.65 % for the second cycle, 96.01 % for the third cycle, and 94.83 %
for the fourth cycle. Fig. 12 displays the paracetamol photodegradation
rates through this series of experiments with the [ZnO:Fe(s o] photo-
catalyst under blue laser illumination. Moreover, the XRD pattern of the
[ZnO:Fe(3 o] catalyst sample, as depicted in Fig. 13, showed no evi-
dence of degradation or phase instability after undergoing these four
cycles.

T
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Fig. 7. FTIR spectra of pure and iron-doped ZnO SMPs.

Samples Pure ZnO ZnO:Fe(1 o)

ZnO:Fe( 5 o) ZnO:Fe(s o)

Elements

wt% At% wit%

At%

wit% At% wit%

At%

Zn
(o]
Fe

Total

21.18 52.34 21.14
78.82 47.66 77.48
0 0 1.39

100 100 100

52.20
46.82
0.98

100

21.69 52.98 20.82
76.22 45.56 74.99
2.09 1.46 4.18

100 100 100

51.58
45.45
2.97

100
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Fig. 8. UV-visible absorption of paracetamol with (a) ZnO, (b) 1 % ZnO:Fe, (c) 1.5 % ZnO:Fe, and (d) 3 % ZnO:Fe.

Table 3

Comparing efficiencies of catalysts with prior research.
Synthesis Catalyst Catalyst Pharmaceuticals Light % of Deg kapp, (min~1) Time, (min) Refs.
Method Type Amount Source
Facile precipitation method ZnO:Lag 5 o) 1.0 wt% Paracetamol (100 mg/L) Visible light 99 - 180 [34]
Commercial Pure ZnO 0.5 g/L 0.5 g/L Ampicillin (105 mg/L) uv 100 0.00056 300 [35]
Hydrothermal method ZnO:Ces o) 5 mg/L Paracetamol Visible light 65 0.0022 250 [36]
Commercial Pure ZnO 1.5 g/L 1.5g/L Metronidazole (80 mg/L) uv 96.5 - 180 [37]
LACBS ZnO:Feg o) 10 mg/50 mL Paracetamol (20 ppm) Blue laser 53.41 0.0135 50 This work
LACBS ZnO:Feq o) 10 mg/50 mL Paracetamol (20 ppm) Blue laser 76.67 0.0312 50 This work
LACBS ZnO:Fe( 5 o) 10 mg/50 mL Paracetamol (20 ppm) Blue laser 78.89 0.0346 50 This work
LACBS ZnO:Fe(s o) 10 mg/50 mL Paracetamol (20 ppm) Blue laser 98.99 0.0881 50 This work

3.7. Antimicrobial activity of ZnO-NSs

3.7.1. Microorganism’s ZOI

The study explored the antimicrobial properties of zinc oxide pro-
duced using LACBS, focusing its attention on several bacteria and fungi,
namely Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Kleb-
siella pneumonia, and Candida albicans. A detailed comparative anal-
ysis is provided in a table.

For S. aureus treated with a specific antibiotic, the data revealed that
the inhibitory response was enhanced from using the antibiotic alone
(28 £ 0.24) to the incorporation of pure ZnO (33 + 0.18), with a further
increase observed with different ZnO:Fe concentrations (35 + 0.42, 35
+ 0.51, 40 £ 0.30). A contrasting pattern was noted for Bacillus subtilis,
where the inhibitory effect reduced with the introduction of pure ZnO
(15 £ 0.36) compared to the antibiotic alone (21 + 0.28) but showed a
positive shift with varying ZnO:Fe concentrations (18 4 0.41, 20 £ 0.34,
23 + 0.30).

In the case of E. coli, a steady uptrend in inhibitory effect was noted,
ranging from the antibiotic alone (23 + 0.33) to the highest concen-
tration of ZnO:Fe (30 + 0.31). For K. pneumonia, an upward trend in the

inhibitory response was observed starting from the antibiotic alone (30
+ 0.10), escalating with the addition of pure ZnO (36 + 0.23), and
continuing to increase with various concentrations of ZnO:Fe (40 +
0.37, 40 + 0.33, 46 + 0.18). Finally, with C. albicans, the absence of the
specified antibiotic resulted in an inhibitory effect of (16 + 0.42), which
saw an increase with the addition of pure ZnO (30 + 0.21) and remained
relatively constant with increasing concentrations of ZnO:Fe (30 + 0.42,
31 + 0.32, 35 + 0.43). These findings are presented in Table 4 and
Fig. 15.

3.7.2. Comparing our results with previous studies

This article underscores the bactericidal capabilities of zinc oxide,
corroborating its effectiveness against a spectrum of pathogens as pre-
viously established by numerous studies. Additionally, it draws atten-
tion to the heightened ZOI exhibited by zinc oxide when synthesized
through the LACBS methodology compared to other methods against the
pathogens examined. These insights necessitate further exploration into
the distinctive attributes of LACBS-derived zinc oxide, particularly its
potential integration into medical practices. To facilitate a holistic un-
derstanding of the ZOI variations across different research settings, a
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comprehensive analysis is provided in Table 5, detailing the compara-
tive results from various studies.

4. Discussion

Exploring ZnO’s photocatalytic capabilities, particularly when
enhanced through doping, has garnered considerable attention in ma-
terials science and environmental studies. This research delves into the
effects of LACBS utilization on ZnO characteristics, alongside the im-
pacts of varying iron doping levels on its antimicrobial and photo-
catalytic functionalities.

A prominent aspect of this research is the remarkable improvement
in photocatalytic efficiency observed in samples of ZnO doped with iron.
This finding is consistent with previous studies highlighting doping as a
crucial mechanism for augmenting photocatalytic activity [17]. A
deeper analysis reveals that the diminished band gap energy resulting
from Fe-doping plays a significant role in this enhancement. A smaller
band gap energy increases the probability of electron excitation from the
valence band to the conduction band upon exposure to light [42]. This
heightened electron movement produces reactive oxygen species, such
as hydroxyl radicals, essential for breaking down pollutants [43].
Furthermore, the literature supports that oxygen vacancies are active
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sites, improving interactions with pollutants and boosting the degra-
dation rate [44].

An additional key finding is the rise in oxygen defects and the
expanded surface area observed in the Fe-doped ZnO samples. These
aspects significantly elevate both photocatalytic and antimicrobial ac-
tivities [45]. The increased surface area, resulting from the morpho-
logical transformation from sub-microrods to sub-microsheets due to
doping, provides additional sites for interactions with light, pollutants,
and microbes, enhancing the material’s effectiveness [46,47].

The role of Fe in augmenting the photocatalytic efficiency of ZnO is
noteworthy. ZnO alone is a robust photocatalyst, but adding Fe alters its
electronic configuration. This alteration is manifested by a noticeable
redshift in the absorption spectra, leading to enhanced absorption of
visible light. Such enhancement promotes the generation and separation
of photogenerated charge carriers, which are pivotal in photocatalytic
reactions [48].

XRD analysis has provided insights into the crystal structures of the
pure ZnO and its Fe-doped variant. A significant takeaway is the
confirmation of the hexagonal wurtzite structure, typical of ZnO,
aligning with the findings of several studies [49]. The analysis also
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Table 4

ZOI of the various microorganisms.
Pathogen Antibiotic* A Pure ZnO: ZnO: ZnO:
ZnO Feq Feus Fes

%) %) %)

Staphylococcus G 28 + 33+ 35+ 35+ 40 +
aureus 0.24 0.18 0.42 0.51 0.30
Bagcillus subtilis G 21 £+ 15+ 18 + 20 + 23 £+
0.28 0.36 0.41 0.34 0.30
Escherichia coli G 23 + 24 + 25 + 26 + 30 +
0.33 0.26 0.05 0.52 0.31
Klebsiella G 30 + 36 + 40 + 40 + 46 +
pneumonia 0.10 0.23 0.37 0.33 0.18
Candida albicans ~ NY 16 + 30 + 30 + 31+ 35+
0.42 0.21 0.42 0.32 0.43

%G = Gentamicin NY = Nystatin. All values are in mm.
bZOI of the positive control. Antimicrobial tests were conducted four times.

Table 5
Comparison of this study’s ZOI with multiple others.
Pathogens Materials ZOI (mm) Ref.
Escherichia coli ZnO:Fe(s o) 30 +0.31 This study
Pure ZnO 14 £ 0.3 [20]
ZnO:Fe(0.025 mg) 18 +£0.2 [20]
Staphylococcus aureus ZnO:Fe(s o) 40 + 0.30 This study
ZnO:Mger.s o) 19 £0.3 [381
ZnO:Nis o) 13 +£0.14 [39]
Bacillus subtilis ZnO:Fe (3 o) 23 + 0.30 This study
ZnO:AlG3 o) 8 [401
Pure ZnO 15.5 [41]
Klebsiella pneumonia ZnO:Fe (3 o) 46 + 0.18 This study
ZnO:Ag(a.5 %) 45 [29]
Candida albicans ZnO:Fe (3 o) 35 + 0.43 This study
ZnO:Ag4.5 %) 40 [29]
ZnO:Nig o) 10 +0.12 [39]

highlighted a shift to lower diffraction angles and an increase in FWHM
as the level of Fe doping rises, a trend observed in other research [50].

The change from sub-microrods to sub-microsheets upon Fe doping
is significant on the morphological front. This transformation, though
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prominent, is in line with previous findings that emphasize its impact on
material properties [51]. The stoichiometry analysis revealed a nearly
1:1 zinc-to-oxygen ratio in the undoped ZnO samples, which is crucial
for optimal material performance. Any deviation from this balance can
introduce impurities that adversely affect the material’s functionality in
optoelectronics and semiconductor applications.

The material’s direct band gap is consistent with other studies,
validating the electronic transitions between the valence and conduc-
tion bands [52]. The absorption edge’s redshift due to Fe doping high-
lights its significance in modulating ZnO’s optical properties. The FTIR
spectroscopy results reiterate Ferin Fathima A. et al.’s findings, show-
casing ZnO’s consistent vibrational properties across different doping
levels and its vulnerability to environmental interactions [53].

Increasing doping concentration significantly influences the char-
acterization of materials as observed through techniques such as SEM,
XRD, optical properties assessment, and FTIR. SEM reveals changes in
surface morphology like grain size and roughness; XRD shows shifts in
peak positions and new peak emergence, indicating alterations in crystal
structure; optical property measurements demonstrate shifts in absorp-
tion peaks and changes in material transparency, crucial for optoelec-
tronic applications; and FTIR spectra highlight shifts in absorption bands
and the appearance of new bands, suggesting changes in chemical
bonding. These correlations provide a holistic understanding of how
doping impacts the structural, optical, and chemical properties of ma-
terials, essential for optimizing their performance in various applica-
tions [53].

The influence of increasing doping concentrations of Fe in ZnO on
UV-visible absorption spectra and photocatalytic activity in the degra-
dation of paracetamol reveals that higher Fe concentrations lead to shifts
in the absorption spectrum, likely due to band gap alterations in ZnO
from Fe incorporation, which modifies its electronic structure. This al-
lows the doped ZnO to absorb a broader spectrum of light, enhancing
photocatalytic degradation efficiency by improving charge separation
and reducing electron-hole pair recombination. Additionally, Fe ions
might introduce more catalytic sites or modify ZnO’s surface properties,
thus increasing interaction with paracetamol molecules. However, while
increased doping enhances photocatalytic activity, there appears to be
an optimal Fe concentration, beyond which the efficiency might decline
due to potential aggregation of Fe particles or creation of excessive trap
sites that serve as recombination centers for charge carriers,
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Fig. 14. Schematic of paracetamol degradation mechanism.

highlighting a non-linear relationship between doping concentration
and photocatalytic efficiency.

Regarding antimicrobial activity, the synthesized ZnO sub-
microparticles displayed selective inhibitory effects on various bacte-
rial strains and fungi. This observation is supported by studies where
ZnO sub-microparticles demonstrated size-dependent antimicrobial ac-
tivity against gram-positive and gram-negative bacteria [54]. The anti-
microbial mechanism of ZnO sub-microparticles is linked to their ability
to compromise bacterial cell membranes and induce oxidative stress,
culminating in cell death [55].

The antimicrobial effectiveness of ZnO is notably enhanced when
doped with various metals, such as iron, a finding supported by
numerous research studies [41,56]. When metals like silver, copper, or
iron are incorporated into ZnO, there is a marked improvement in its
ability to fend off microbial activity [53]. The cooperative effect noted in
the experiments, especially with the addition of iron to ZnO, aligns with
the prevailing theory that doping can alter the surface characteristics of
ZnO sub-microparticles, enhancing their proficiency in engaging and
disrupting microbial entities [55].

However, it is worth noting that the diminished suppression of
B. subtilis by pure ZnO diverges from several studies consistently high-
lighting ZnO’s broad-spectrum antimicrobial properties [55]. This
variation underscores the intricate nature of the microbial response,

which the synthesis methods, particle size, and other physicochemical
attributes can influence. Moreover, the differential reaction observed in
fungal strains, such as C. albicans, aligns with previous findings that
fungi generally demand higher ZnO concentrations to be effectively
inhibited [57].

Increasing the doping concentration in ZnO-NSs significantly in-
fluences their antimicrobial activity, primarily through enhanced reac-
tive oxygen species generation and increased surface area with more
active sites. Doping modifies the ZnO-NSs’ physical and chemical
properties, such as tuning the band-gap to improve light absorption and
photocatalytic activity under UV or visible light. This alteration can lead
to more effective microbial cell membrane disruption. Moreover,
different doping elements and levels can specifically target various mi-
crobial species, enhancing the spectrum of antimicrobial action. Higher
doping concentrations also affect the material’s stability and solubility,
which are crucial for the longevity and reusability of ZnO-NSs in anti-
microbial applications. Therefore, understanding and optimizing doping
levels is vital for tailoring ZnO-NSs’ effectiveness against specific path-
ogens in healthcare and environmental applications.

4.1. Proposed photocatalytic mechanism

Fig. 14 shows photocatalytic mechanisms in undoped and iron-

ﬁ 4

-O0H
E=hv b H*
: Otn H0+CO, N\ -0
T « (\\300 duc\\O\'\
%
" §: "’ ( 5 CB Ot
s -
2
=
>0H- g vB H,0
VB ® >( O""éation H.O+CO, / ;‘_’f;'x ® —’Qxldaznon
He E=hV OH-

Fig. 15. Antibiotics and ZnO samples (Pure, ZnO:Fe(1-3%)) tested against (a) S. aureus, (b) B. subtilis, (c) E. coli, (d) and (e) K. pneumonia, (f) C. albicans.
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doped ZnO sub-microparticles. Light exposure causes electrons in ZnO to
move from the valence to the conduction band, creating electron-hole
pairs. These pairs oxidize water molecules and OH- ions at the surface,
forming hydroxyl radicals (¢OH) and converting atmospheric oxygen
into superoxide radicals (e02-). The recombination of these electron-
hole pairs can reduce efficiency, but iron doping mitigates this by
trapping charge carriers, prolonging their life, and increasing surface
interactions, especially with paracetamol molecules. There are two
recombination types: volume and surface, the latter dominating when
photoinduced carriers quickly reach the sub-microstructure’s surface
[58].

Analytical investigations employing XRD and SEM techniques have
demonstrated that iron doping diminishes the average size of ZnO sub-
microstructure crystallites and modifies their shape, changing them
from sub-microrods to sub-microsheets. This alteration in morphology
increases the surface area of ZnO, providing more active sites for the
adsorption of reactant molecules, thereby enhancing the photocatalytic
performance. Furthermore, iron doping brings about two additional
advantages: it reduces the band gap of ZnO, increases the availability of
charge carriers for the photocatalytic reaction, and raises the level of
water adsorbed by ZnO. The increase in water adsorption strengthens
water’s affinity to the ZnO surface, further improving the photocatalytic
efficiency of the catalyst [29,59].

ZnO + hv—Zn0 (e, + hyy), 1D
H,0+hiy— OH +H", 12
ecy + 0200, (13)
0, + H"—>H,0, a4
HO, +H" + 0, - H,0, + O,, (15)
H,0; +ec; > OH™ + eOH, (16)
h, +OH™ — -OH, a7
OH™ + 0, + Pollutent— Degradation Products, (18)
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4.2. Zinc’s antimicrobial mechanisms

7nO exhibits antimicrobial properties by producing ROS like 0%,
OH™, and Hy03, causing oxidative stress and cellular damage in nucleic
acids and lipids, leading to cell death. Additionally, ZnO releases Zn>*
ions, disrupting vital cellular functions such as active transport and
enzyme activity. Its interaction with bacterial cell membranes, through
electrostatic forces, reduces membrane integrity, alters metabolism, and
causes leakage of intracellular contents (see Fig. 16). ZnO’s broad
antimicrobial effectiveness offers a promising alternative to conven-
tional antibiotics, especially considering growing concerns over anti-
biotic resistance [55-641].

5. Conclusion

Examining ZnO sub-microparticles synthesized via LACBS, both
undoped and iron-doped, revealed vital structural and functional in-
sights. X-ray diffraction confirmed ZnO’s hexagonal wurtzite crystal
structure, while iron doping transformed the morphology from sub-
microrods to sub-microsheets, offering various application potentials.
Notably, Fe-doped ZnO, particularly at 3 % doping, showed enhanced
photocatalytic activity for paracetamol degradation under blue laser
light, demonstrating sustained performance over multiple cycles.
Additionally, the doped ZnO exhibited improved antimicrobial proper-
ties, making it a promising candidate for sustainable photocatalysis and
antimicrobial applications.
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