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Abstract: The innovation and development of water purification methods have been at the center of
extensive research for several decades. Many nanoparticles are frequently seen in industrial waste
water. In this research, zinc oxide nanoparticles (ZnO) were synthesized following an autocombus-
tion method with and without honey capping. Structural crystallinity and bonding structure were
examined via X-ray diffraction (XRD) analysis and Fourier transform infrared (FTIR) spectroscopy.
Optical behavior was analyzed using ultraviolet–visible (UV–Vis) spectroscopy and photolumines-
cence (PL). Size estimation and surface morphology were studied using scanning electron microscopy
(SEM), while energy-dispersive spectroscopy (EDS) was performed to analyze the sample purity
and elemental composition. The photocatalytic degradation of methylene blue (MB) by ZnO was
assessed as it is an efficient water treatment process with high potential. The biological activity of
ZnO nanoparticles was also investigated in terms of antibacterial and antifungal activities against
different bacterial and fungal species. Surprisingly, the as-synthesized ZnO nanoparticles were
found to be substantially bioactive compared to conventional drugs. Honey-mediated nanoparticles
displayed 86% dye degradation efficiency, and that of bare ZnO was 60%. Therefore, the involvement
of honey in the synthesis of ZnO nanoparticles has great potential due to its dual applicability in
both biological and environmental remediation processes.

Keywords: ZnO; green nanoparticles; photocatalytic activity; biological activity

1. Introduction

Water pollutants are hazardous to life on earth and in waters. Water bodies have been
polluted by several sources such as industrial waste, e-waste, medical waste and chemical
waste [1]. Methylene blue (MB) is a frequently released effluent from industrial wastes
that is used as a dye in the textile industry. Such pollutants can be eradicated by the use
of metal oxide nanoparticles as photocatalysts [2,3]. To date, many methods using metal
oxide nanoparticles have been developed because of their effective catalytic results. Among
various metal oxides, ZnO nanoparticles are frequently used due to their biofunctionality,
photocatalytic efficiency, and gas sensing properties with varying chemical components,
architectures, and microstructures. The II-VI group of ZnO nanoparticles has a high band
gap of ~3.37 eV, along with large excitation binding energy (60 meV) [4–10]. These intrinsic
properties of zinc oxide enable its application in water purification because of its easily
movable valence band electrons, which is highly favorable for the photodegradation of
organic pollutants in water.

In recent years, green synthesis has attained much more attention than chemical syn-
thesis [11]. Various plant extracts have already been employed to prepare ZnO
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NPs [12–17]. Rathnasamy et al. prepared ZnO nanoparticles by incorporating Carica
Papaya leaf extract in a green synthesis method for photocatalytic application [18]. The
biosynthesis of ZnO nanoparticles has been used for various applications such as pig-
ments, catalysts, optics and electronics, etc. Compared to several other plant extracts,
our precursor (i.e., honey) has significant advantages since it is a herbal product with
good antibacterial properties, a high yield and purity, minimal time consumption, and
biocompatibility [19,20]. Natural honey is a high-viscosity medium. Honey contains
vitamins, minerals, enzymes, carbohydrates, and antioxidants, which are used for surfac-
tants, reducers, and stabilizing agents. Indeed, mono- and disaccharides participate in
the reduction of the metal ions, while polysaccharides along with enzymes, minerals, and
amino acids provide the encapsulating medium to prevent the agglomeration of metal
nanoparticles. The medium also controls the shape, structure, and catalytic activity of the
ZnO nanoparticles [21–23]. Hoseini, Seyed, Javad et al. synthesized ZnO nanopowders
from honey for cytotoxic applications [24], and Ranjithkumar et al. prepared ZnO nanopar-
ticles for antimicrobial activities [25]. The results of these studies confirm the biological
activity of honey-mediated ZnO nanoparticles, and they can therefore be employed for
other biological processes as well.

Moreover, bacterial and fungal toxicities are the cause of innumerable severe ailments.
Such medical problems might be reduced by the development of superefficient, ecofriendly,
and cost-effective antibacterial and antifungal agents. Therefore, the biological activities
obtained using green nanotechnology approaches for different metal oxide nanoparticles
are now seen in antibacterial and antifungal experiments. Additionally, the synthesis of
honey-mediated metal oxide nanoparticles, in this era of safe technology, also leads to final
products with adequate biological activities [26–28]. Honey acts as a capping and reducing
agent in the green synthesis of metal nanoparticles.

The present work reports the synthesis of ZnO nanoparticles mediated by honey for
photocatalytic MB degradation for the first time. Both Gram-positive and Gram-negative
bacteria and three different fungi were studied to analyze the nanoparticles’ antibacterial
and antifungal activities, respectively. The photocatalytic degradation efficiency was
investigated by monitoring the degradation of methylene blue in water samples via UV–
Vis spectroscopy.

2. Materials and Methods
2.1. Chemicals and Reagents

Zinc Nitrate (Zn(NO3)2) of 99% (AR Grade; Himedia, Mumbai, IN, USA) was used
as the precursor to obtain ZnO NPs. Honey was purchased from Marthandam, Tamil-
nadu, India. All the bacteria and fungi strains used were purchased from the American
Type Culture Collection (ATCC), Manassas, VA, USA. Solutions were made in freshly
prepared deionized water (DI). The chemicals were utilized as received without any
further treatment.

2.2. Synthesis of ZnO Nanoparticles

The autocombustion method was adapted for the green synthesis of ZnO nanoparticles.
Zn(NO3)2 (0.3 M) was prepared in 50 mL DI water, followed by the addition of 2 mL honey.
Honey was employed as a capping agent and as a fuel for autocombustion that preserves
the crystal morphology of nanoparticles [25]. The mixed solution was stirred for 1 h at
60 ◦C. The yellowish solution became a brownish gel. The semisolid mixture was subjected
to drying at 100 ◦C for 1 h, and then annealed in air at 550 ◦C for 2 h. Dried powder was
stored at room temperature and proceeded for further characterization studies.

2.3. Instrumentation

A PANalytical X’Pert PRO X-ray diffractometer (JDX-3532, JEOL, Tokyo, Japan) oper-
ating at 40 kV, 30 mA with Bragg Brentano geometry using Cu Kα radiation was used to
observe structural parameters. An FTIR spectrometer (IR Prestige 21, Shimadzu, Kyoto,
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Japan) was used to study the chemical composition. The optical spectrum was obtained
using a UV–Vis DRS spectrometer from Shimadzu. The photoluminescence study was
carried out by a spectrofluorometric PC1 (ISS, Champaign, IL, USA) xenon lamp exhibiting
a wavelength equal to 325 nm at room temperature. The morphology of the sample was
evaluated by FESEM (Sigma, Zeiss, Jena, Germany).

2.4. Photocatalysis Setup

Photocatalysis was performed for the cationic dye methylene blue under UV–Vis light
irradiation. An amount of 15 mg of synthesized ZnO nanoparticles were dissolved in 100 mL
MB solution and stirred for 30 min. At regular time intervals, the decrease in dye concentration
was observed via UV–Vis spectral analysis in the range of 200–800 nm by obtaining a 4 mL
mixture from the reaction system. Ultraviolet and visible light was delivered from mercury
and xenon lamps exhibiting the light intensities of 5.8× 10−2 Wcm−2 and 6.0× 10−2 Wcm−2,
respectively. Photodegradation was observed under ambient temperature and pressure
under visible light irradiation. The samples were first ultrasonicated and stirred prior to
spectrophotometric analysis. The solution (10 mg ZnO nanoparticles and 100 mg MB) was
stirred for 30 min in dark to maintain an adsorption–desorption equilibrium.

3. Results and Discussion
3.1. XRD Analysis

XRD displayed a clear crystal morphology with sharp crystalline peaks for ZnO
nanoparticles. The hexagonal wurtzite crystalline nature of the nanoparticles was indicated
by the hkl estimated for Figure 1, and the observed peak values are in good accordance
with the standard JCPDS file No. 89-0510 [29]. There were no other impurities observed.
The average crystallite size of the synthesized ZnO nanoparticles was calculated from XRD
data employing the Scherrer formula presented in Equation (1) [30].

D =
kλ

β cos θ
(1)

where D represents the average crystallite size, k is the constant shape factor (i.e., 0.9), λ
indicates the X-ray wavelength, β corresponds to the full width at half maximum (FWHM),
and θ is the Bragg angle. The peaks obtained for bare ZnO were of low intensity and
comparatively broader as compared to those of honey-mediated zinc oxide. Consequently,
honey-mediated ZnO nanoparticles were observed to be more crystalline than bare ZnO
nanoparticles. The peaks of both bare ZnO and honey-mediated ZnO were analyzed from
JCPDS No. 00-890510 [31]. Herein, the D values estimated for ZnO nanoparticles ZnO
were found to be 22.4 nm and 39 nm, respectively, indicating the successful formation of
nanoparticles [32].

3.2. FTIR Analysis

The biomolecules responsible for capping and efficient stabilization in the synthesized
sample were observed by FTIR analysis, as displayed in Figure 2. The two absorption
peaks at 1449 cm−1 and 1124 cm−1 denote the vibrations of C–O and C–N, respectively, cor-
responding to the protein conformation of the capped ZnO nanoparticles [33,34]. The bare
zinc oxide also expressed zinc and oxygen stretching on the surface of the nanoparticles.
The absorption peak at 515 cm−1 indicates the presence of ZnO nanoparticles [35]. The
results indicate that the stabilization was formed through the interaction of carboxylate
ions with amino acid groups on the ZnO nanoparticles. Other weak peaks are shown as
amino acid residues from the binding of ZnO nanoparticles. The results clearly indicate the
formation of ZnO nanoparticles by honey components such as fructose, glucose, sucrose,
proteins, minerals, and vitamins. The presence of these molecules was confirmed by FTIR
results, suggesting that they contribute to the capping of the nanoparticles.
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3.3. UV–Visible Spectral Analysis

UV–Vis spectral analysis in the range of 200–800 nm was done to confirm the presence
of ZnO. The color changes were confirmed by the reduction of Zn2+ ions to ZnO nanopar-
ticles by gaining electrons [36], as the color changed from yellow to brown in the course
of synthesis. ZnO nanoparticles were principally formed by dissolution–precipitation
processes according to the reaction [37]:

Zn2+ + 3H2O→ ZnO + 2H3O+ (2)

The absorbance spectrum at around 402 nm (Figure 3) confirms that the excited
electron traveled from valance band to conduction band (O2p ≥ Zn3d) [38]. The plot
of (F(R)αhv)2) vs. (hv) gives the energy band gap (e.g., 3.08 eV of the H-ZnO sample
(Figure 3a)). The bare ZnO produced a low absorption edge compared to honey-mediated
zinc oxide. The absorption edge led to a large band gap of the bare zinc oxide materials
(i.e., 3.20 eV).
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3.4. Photoluminescence Spectroscopy (PL)

The photoluminescence spectra (Figure 4) taken at room temperature exhibit a peak
at 398 nm, assigned to the near-band-edge emission of ZnO nanoparticles [39]. The
detailed mechanism is explained by the defect of Zn2+ ions between the oxygen vacancies.
These are:
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The valence band electron excited at conduction band holes. The electrons were
trapped at a high energy level, which led to their being doubly oxidized by the valence
band electron.

The photogenerated oxygen was singly oxidized by the Zn2+ ions due to the direct
exciton recombination process. The formation of broad peaks in the PL spectra proved the
presence of fewer intrinsic defects in the origin for PL emission, which was observed with
the transformation of nanoparticles and attributable to quantum size effects. The low PL
intensity for bare ZnO indicated the emission of fewer charge carriers than honey-mediated
zinc oxide nanoparticles, which displayed higher PL intensity. The energy interval from
the shallow donor level to the top of the valence band was 398 nm, which is consistent
with the photon energy of the blue emission observed in the present work.
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3.5. Scanning Electron Microscopy (SEM)-EDS

The images in Figure 5 confirm the quasi-spherical shape of ZnO nanoparticles. The
bare zinc oxide nanoparticles exhibited an irregularly shaped morphology. The image
at 100 nm magnification shows that most of the particles were well shaped compared to
images at other magnifications [39]. Honey-capped ZnO nanoparticles consisted of Zn and
O, as confirmed by the EDS spectrum. No other elements were present in the ZnO. No
carbon species were observed since the honey acted only as a chelating/capping agent and
retained its chemical nature through the course of the synthesis reaction. The composition
report indicates that the Zn content was high compared to that of O. The obtained results
indicate that honey-capped ZnO was more effective than chemically synthesized ZnO
nanoparticles. The obtained zinc and oxygen compositions are presented in the EDS tables
and spectra, and it was observed that the amount of Zn was greater in the honey-capped
ZnO nanoparticles.
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3.6. Biological Analysis

The disc diffusion method was used to observe the antibacterial activity of the syn-
thesized ZnO nanoparticles. The activity of the ZnO nanoparticles was evaluated in both
Gram-positive bacteria (Staphylococcus aureus (ATCC 6538) and Bacillus subtilis (ATCC
6633)) and Gram-negative bacteria (Escherichia coli (ATCC 8739) and Pseudomonas aeruginosa
(ATCC 27853)). The agar well diffusion method was adopted to evaluate the antifungal
activity in three fungi (Penicillium (ATCC 11597), Aspergillus niger (ATCC 16404), and
A. flavus (ATCC 9643)). Muller–Hinton agar and PDA medium nearly equal to 20 mL/each
were poured into Petri plates and a cork borer was used to bore 5 mm wells into the Petri
plates. A volume of 50 µL of ZnO nanoparticles was loaded into the wells with the same
concentration (20 µg) in each plate to evaluate the activity. Amikacin antibiotic discs and
nystatin were used as controls for antibacterial and antifungal activity, respectively. The
inhibition zone was measured after one day at 37 ◦C. The zone formation indicated the
antibacterial and antifungal activity of the ZnO nanoparticles.
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3.6.1. Antibacterial Activity

The obtained results are shown in Figure 6 and Table 1. The zone formation was
confirmed by the activity of the pathogens. According to the results, ZnO nanoparticles
had the highest inhibitory activity against P. aeruginosa, and the inhibition zone was 80%
that seen in the control treatment amikacin. The diameter of the inhibition zone of ZnO
nanoparticles against E. coli bacteria was 71% that of the control treatment [40,41]. Based
on our results, ZnO nanoparticles could be effective against bacterial pathogens (Table 1).
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Figure 6. Antibacterial activity of ZnO and H-ZnO nanoparticles compared to the standard
antibiotic amikacin.

Table 1. Effect of H-ZnO nanoparticles on antibacterial activity.

Zone of Inhibition Diameter (mm)

Bacterial Species Standard Drug (mm) H-ZnO Nanoparticles (mm)

B. subtilis 29 19

S. aureus 32 16

E. coli 24 17

P. aeruginosa 17 15

3.6.2. Antifungal Activity

The human immune system can be damaged by fungal infection. We analyzed the
antifungal activity of the synthesized nanoparticles against Penicillium, Aspergillus niger, and
A. flavus using the agar diffusion method [42]. The obtained results were compared to those
obtained using the standard antifungal drug nystatin. The results of the antifungal activity
are shown in Table 2. The results clearly indicate that ZnO nanoparticles exhibited good
antifungal activity against Penicillium and A. niger, as shown in Figure 7. The mechanism
is shown in Figure 8. It seems that the formation of a large number of free ions in the
case of honey-mediated ZnO nanoparticles led to better biological activity compared to
that of bare ZnO nanoparticles. Free radicals from ZnO nanoparticles result in potential
attachment to biomolecules such as DNA and protein, leading to cell death.
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Table 2. Antifungal activity of H-ZnO nanoparticles on fungal species reported as zone of inhibition
diameter (mm) sample−1.

Fungi Nystatin (mm) H-ZnO Nanoparticles (mm)

Penicillium 17 10

A. niger 18 12

A. flavus 20 9
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3.7. Photocatalytic Dye Degradation

Figure 9a shows the photocatalytic activity of the sample before and after irradiation.
When the sample was exposed to light, absorbance gradually decreased, indicating the
degradation of methylene blue. After 120 min, the maximum degradation achieved was
86%, which is a promising result compared with the effectiveness of other plant extracts
and chemically synthesized ZnO nanoparticles. The degradation efficiency was estimated
from Equation (3) [43]

η% =
Co− Ct

Co
× 100 (3)

where η is the removal efficiency, and Co and Ct correspond to the initial concentration and
concentration of MB at any time interval (mg/L), respectively.
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The corresponding efficiency is comparatively much higher than that of TiO2 (62%) for
MB degradation [44]. The obtained dye degradation efficiency is shown in Figure 9b [45].
The detailed photocatalytic mechanism is shown in Figure 9c.

The photodegradation of MB over as-synthesized ZnO nanoparticles was maximal
within 120 min. The sample was excited by visible light. This degradation time is com-
paratively longer than that displayed by other MB degradation catalysts, but this honey-
mediated ZnO nanoparticle photocatalyst is exceptionally more economical and ecofriendly
than several common photocatalysts. The degradation efficiency obtained for bare ZnO
nanoparticles was found to be 60% and 7% under visible light irradiation and in the dark,
respectively. Comparatively, honey-mediated zinc oxide nanoparticles acquired their en-
hanced degradation due to the greater number of active sites on the nanoparticles and the
larger surface area able to interact with the target dye molecules. The observed degradation
efficiency was much higher compared to many other catalytic systems [46–48]. Therefore,
these green-synthesized ZnO nanoparticles could be employed in water treatment plants
that process industrial waste water.
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We also analyzed the degradation of a colorless solution of phenol pollutant by the
honey-mediated zinc oxide nanoparticles. In the presence of the phenolic solution, 70%
degradation was achieved (Figure 10). The obtained results indicate the endurance of the
zinc oxide nanoparticles. The electron–hole pair recombination in the honey-mediated zinc
oxide nanoparticles can produce free radicals and promote catalytic activity.
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The free radicals increase the dye degradation efficacy of the ZnO nanoparticles. The
photocatalytic mechanism is as follows:

ZnO+ hν→ ZnO+ + ZnO(e−) (4)

ZnO(e−) + O2 → O−2 (5)

O−2 + H+ → HO−2 (6)

HO−2 + H+ → OH + OH (7)

ZnO+ + OH→ OH (8)

O−2/OH + Dye+ → CO2 + H2O (Byproduct) (9)

Herein, as in many other photodegradation mechanisms, the dye is degraded and
converted to carbon dioxide and water [43,49–51].

4. Conclusions

Honey-mediated ZnO nanoparticles were synthesized using an autocombustion
method. Structural crystallinity and phase purity were analyzed via XRD analysis, which
also demonstrated that the particle size was in the nanodomain (i.e., 39 nm). FTIR
spectroscopy displayed metal oxide bond vibrations in the range 400–500 cm−1. The
as-synthesized ZnO nanoparticles were investigated for their biological activity and pho-
tocatalytic properties. ZnO nanoparticles were found to be bioactive with respect to
both antibacterial and antifungal applications. Moreover, photocatalytic efficiency was
investigated by employing the ZnO nanoparticles as photocatalysts for methylene blue
degradation. The proposed honey-mediated ZnO catalyst displayed an impressive degra-
dation efficiency of 86% against MB dye, which was significantly higher than that of bare
ZnO, which had an efficiency of 60%. In this way, the nanoparticles synthesized from
greener synthetic routes by the incorporation of natural capping and chelating ingredients
could be more viable than chemical synthesis methods, owing these ingredients’ avail-
ability, cost effectiveness, and ecofriendliness. The catalytic, antibacterial, and antifungal
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activities indicate that the prepared ZnO nanoparticles could be implemented effectively
in biomedical and environmental fields.
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