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H I G H L I G H T S

A new photocatalyst in the form of
ZnO/Fe3O4/SiO2 hybrid microbeads was
fabricated for the photocatalytic degra-
dation of methylene blue.
The hybrid microbeads performed bet-
ter than ZnO powder at the same con-
ditions due to higher adsorption and
degradation.
Higher degradation is observed with de-
creasing initial dye concentration and
increasing catalyst dosage.
Full recovery of the hybrid microbeads
for further degradation experiments was
achieved due to the presence of mag-
netic nanoparticles within the beads.
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A B S T R A C T

Photocatalysis is a promising technique for the complete degradation of azo dyes that are present in
wastewater. In this work, a new photocatalyst in the form of ZnO/Fe3O4/SiO2 hybrid microbeads was fabricated
for the photocatalytic degradation of methylene blue. The microbeads were synthesised through self-assembly
and subsequent agglomeration of nanoparticles within an aqueous phase of a water-in-oil emulsion template.
Photocatalytic degradation experiments were conducted through exposure of a methylene blue solution to UV
light. The hybrid microbeads performed better than ZnO powder at the same initial dye and ZnO concentration
because of higher adsorption and degradation. The initial concentration of dye solution and catalyst dosage
have a significant impact on the degradation. Higher degradation is seen with lower initial dye concentration
and higher catalyst dosage. The presence of magnetic nanoparticles within the beads allows for their full
recovery and reuse for degradation experiments. Complete degradation of dye was achieved using the new
ZnO/Fe3O4/SiO2 microbeads.
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1. Introduction

Synthetic organic dyes, such as azo dyes, are widely used in the
manufacture of pharmaceuticals, foods, cosmetics, textiles, leather and
paper products [1–3]. Azo dyes are synthetic organic compounds that
contain one or more azo (–N=N–) groups in their molecular struc-
tures [4]. The discharge of industrial effluents contaminated with azo
dyes into water bodies adversely impacts the environment and human
health [5,6]. The high water solubility and the long-term thermal
and photostabilities of azo dyes make their removal from industrial
effluents challenging [7]. An example of an azo dye is methylene blue
(MB), which is cationic and commonly used in the textile industry for
colouring textiles, such as cotton, silk and wool [8,9]. The presence
of MB in wastewater has long-term adverse impacts on the aquatic
environment since the dye blocks sunlight from accessing water bodies,
which in turn inhibits the photosynthetic activity of aquatic life [10,
11]. Furthermore, prolonged human exposure to MB can cause a num-
ber of health issues, such as shortness of breath, eye and skin irritation,
nausea, rapid heartbeat and mental confusion [12]. Therefore, it is
desirable to completely remove dye pollutants from wastewater.

Various physical, chemical and biological methods, such as mem-
brane filtration, adsorption, coagulation–flocculation, chlorination,
ozonation, ion exchange, electrochemical oxidation and biodegradation
have been used for the removal of azo dyes from wastewater [13–
15]. However, these techniques have some drawbacks, such as high
operational costs, high energy consumption, generation of secondary
pollutants during treatment and low efficiency of dye removal due
to the chemical stability and complex aromatic structures [16–18].
Photocatalysis is a promising method for the degradation of azo dyes
through mineralisation into water, carbon dioxide and mineral acids
without producing secondary pollutants [19]. For instance, metal oxide
semiconductors, such as titanium dioxide (TiO2) [20,21], zinc oxide
(ZnO) [22–25] and tin oxide (SnO2) [26,27] have been used as pho-
tocatalysts for the degradation of MB. ZnO has been widely adopted
as a photocatalyst due to its wide energy band-gap (3.37 eV) and large
excitation binding energy (60meV) at room temperature, non-toxicity,
biocompatibility, excellent physical and chemical stability and low
cost [28–30]. In addition, the insolubility of ZnO in water [31] and
its capability of completely degrading a number of azo dyes [32,33]
make it a good candidate for the removal of dye pollutants.

Hybridisation is considered an effective technique for enhancing
the photocatalytic performance of a photocatalyst [34–37]. A range
of different materials, such as semiconductors, noble metals, transi-
tion metals and carbon have been used to enhance the photocatalytic
performance of ZnO [38–40]. Recently, graphene oxide (GO) and re-
duced graphene oxide (rGO) have been incorporated in the design
of ZnO-based photocatalysts to improve the degradation of MB. Ex-
amples include ZnO@GO [41], ZnO–rGO [42] and rGO/TiO2/ZnO
nanocomposites [43]. Graphene acts as an electron transport facilitator
for the transfer and separation of the photogenerated electrons [44].
Furthermore, coupling ZnO with magnetic nanoparticles to form mag-
netic nanocomposites allows for easy recovery of the nanocomposites
from the treated dye solution [45]. Harraz et al. [46] synthesised
magnetically responsive photocatalysts, i.e. titania-silica/cobalt fer-
rite (TiO2–SiO2/CoFe2O4) nanocomposites, for the efficient and easy
eparation of the photocatalyst from a treated MB solution, allow-
ng for recyclability and reusability. Iron oxide (Fe3O4) has attracted

significant attention due to its magnetic characteristics, low toxic-
ity and biocompatibility [47]. Recently, Thi Lan Huong et al. [48]
fabricated magnetically separable ZnO/Fe3O4 nanocomposites by a
facile hydrothermal technique to enhance the degradation efficiency
of MB under both UV and visible light irradiation. The higher degra-
dation efficiency using ZnO/Fe3O4 nanocomposites compared to ZnO
nanoparticles can be attributed to the transfer of electrons from the
conduction band of ZnO to that of Fe3O4 and/or from the conduction
2

band of Fe3O4 to new defect states in ZnO. Several studies have w
also reported on similar systems consisting of magnetically separa-
ble photocatalysts comprising of ZnO and Fe3O4 for the degradation
f MB [49,50]. In related work, Brossault et al. [51] synthesised a
agnetic photocatalyst in the form of TiO2/Fe3O4/SiO2 microbeads

or the degradation of MB. The composite microbeads were prepared
n a simple, cost-effective, efficient and environmentally-friendly ap-
roach at room temperature through the salt-induced destabilisation of
anoparticles in a water-in-oil (W/O) emulsion template.

This work reports fabrication of a new photocatalyst in the form
f ZnO/Fe3O4/SiO2 composite microbeads, based on the production
ethod reported by Brossault et al. [51]. This method is fast, cost-

ffective and does not involve the use of hazardous chemicals, which
akes it a promising approach for the preparation of magnetically sep-

rable composite microbeads consisting of a range of different photo-
atalysts for wastewater treatment applications. It has been found that
nO has higher quantum and photocatalytic efficiency in comparison
ith TiO2 [52]. Since ZnO and TiO2 have similar photocatalytic degra-
ation mechanisms [53,54] and comparable band gap energies [55],
nO is considered as a potential alternative for the photocatalytic
egradation of organic dyes. Unlike the work conducted by Brossault
t al. [51], the current work considers the adsorption of MB onto the
urface of ZnO/Fe3O4/SiO2 microbeads prior to performing the pho-
ocatalytic degradation experiments. To investigate our novel hybrid
icrobeads, the effect of a number of parameters, such as the catalyst
osage, initial concentration of MB solution, as well as the porosity of
eads was studied. In addition, the recyclability and reusability of the
hotocatalytic beads were investigated by placing a magnet in contact
ith an aqueous suspension of ZnO/Fe3O4/SiO2 beads and using the

ecovered beads for further degradation of fresh MB solutions.

. Materials and methods

.1. Materials

An aqueous phase was prepared which consisted of silica par-
icles (Ludox HS-40, 40 wt% suspension in water, Sigma-Aldrich),
inc oxide, ZnO, (nanopowder, <50 nm in diameter, >97% purity,
igma-Aldrich), iron oxide, Fe3O4, (nanopowder, 50–100 nm in di-
meter, 97% purity, Alfa Aesar) and polyoxyethylenesorbitan mono-
aurate (Tween 20, Acros Organics). An oil phase was composed of
unflower oil (Sainsbury’s) or a mixture of sunflower oil and sorbi-
an monooleate (Span 80, Sigma-Aldrich). Calcium chloride dihydrate,
aCl2.2H2O (>99% purity, Acros Organics) was used for destabilisation
f the nanoparticles and the subsequent formation of microbeads. Ab-
olute ethanol (99.8% purity, Acros Organics) was utilised for washing
he microbeads. Methylene blue hydrate (Sigma-Aldrich) was used as

model dye. All materials were used as received without further
urification or modification.

.2. Dynamic light scattering

Dynamic light scattering (DLS) measurements, at an angle of 90°,
ere conducted using a NanoBrook Omnio system (Brookhaven Instru-
ents) to determine the mean diameter of silica nanoparticles. 4mL

f an aqueous colloidal dispersion was added to a plastic cuvette,
hich was then placed in the chamber of the DLS equipment. The
ean particle size was obtained by averaging three measurements per

ample. Each measurement was performed at 20 °C and neutral pH,

ith a duration of 120 s and an equilibrium time of 60 s.
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Fig. 1. The preparation method of ZnO/Fe3O4/SiO2 microbeads through the salt-induced destabilisation of nanoparticles in a W/O emulsion template.
c

s
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2.3. Preparation of the magnetic photocatalytic microbeads

The ZnO/Fe3O4/SiO2 microbeads were prepared by self-assembly
and agglomeration of nanoparticles within the aqueous phase of a
W/O emulsion template, as illustrated in Fig. 1. Silicon dioxide (30
wt%), zinc oxide (5 wt%), iron oxide (5 wt%) and Tween 20 (1 wt%)
were mixed for 1 min using an ultrasonic homogeniser (FB-120 Sonic
Dismembrator equipped with a Model CL-18 probe, Fisher Scientific) to
prepare the aqueous phase. The oil phase was pure sunflower oil or a
mixture of sunflower oil with 1 wt% of Span 80. The W/O emulsion was
produced by adding 1 g of the aqueous phase dropwise to 99 g of the oil
phase and stirring the mixture at 5000 rpm for 1 min using a Silverson
mixer (model SL2). The stirring speed was reduced to 3000 rpm and
1 mL of 1M CaCl2 aqueous solution was added dropwise to induce
the destabilisation and hence agglomeration of nanoparticles into the
microbeads. To wash the surface oil off the microbeads, the emulsion
was split into three different tubes and centrifuged at 3000 rpm for
5 min (Multifuge 1 S-R, Heraeus). After removal of the oil phase, the
microbeads were twice washed using 10 mL of absolute ethanol and
centrifuged at 3000 rpm for 5 min. Finally, the clean microbeads were
dispersed in 5 mL of deionised water.

2.4. Characterisation of microbeads using microscopy

The size and morphology of the beads were investigated by imag-
ing the samples using a bright-field optical microscope (Leica DME)
equipped with a 63x objective lens and a scanning electron microscope
(SEM, Tescan Mira3 FEG-SEM microscope) operating at an accelera-
tion voltage of 5 kV. ImageJ software was utilised to determine the
mean diameter ± standard deviation of the microbeads using 200
randomly selected by eye from the SEM images. Transmission elec-
tron microscopy (TEM) micrographs were obtained using a Thermo
Scientific (FEI Company) Talos F200X G2 microscope equipped with
a Ceta 4k × 4k CMOS camera and operating at an acceleration voltage
of 200 kV. Scanning transmission electron microscopy (STEM) images
were collected using a Fischione HAADF detector at a camera length
of 98mm and energy-dispersive X-ray spectroscopy (EDX) spectra and
maps were obtained using the Super-X EDX detector system which
consists of 4 windowless silicon drift detectors. The TEM samples were
prepared by pipetting 5 μL of an aqueous suspension onto continuous
carbon 300 mesh Cu grids.

2.5. Zeta potential measurements

Zeta potential measurements were conducted using a NanoBrook
Omnio system (Brookhaven Instruments) to determine the surface
3

charge of the ZnO/Fe3O4/SiO2 microbeads. 1.25mL of an aqueous
dispersion of the microbeads at neutral pH was used for the mea-
surements. The average zeta potential was determined based on three
measurements per sample. Each measurement was performed at room
temperature with 25 cycles.

2.6. Photocatalytic degradation experiments

The photocatalytic degradation experiments were performed by
exposing the MB solution containing the dispersed photocatalyst to UV
light from a 36W UV lamp source with a wavelength of 365 nm in an
enclosure. Prior to exposure, the suspension was kept in the dark for
30 min to establish the adsorption/desorption equilibrium. For each
degradation experiment, a specific amount of the photocatalyst was
added to a fixed volume of 50mL of an aqueous MB solution with a
specific initial concentration. The photoreaction was conducted at room
temperature with continuous stirring. 5mL of the sample was collected
at different times up to 120 min, and then centrifuged at 10 000 rpm for
5 min. The absorbance of the supernatant liquid contained within a 1 cm
pathlength cuvette was measured using a UV–Vis spectrometer (Cary
60, Agilent Technologies) and the value of the maximum absorbance
in the wavelength range of 400 to 800 nm was used to calculate the
corresponding concentration. The effect of the photocatalyst dosage on
the degradation of MB was investigated by dispersing different amounts
of the ZnO/Fe3O4/SiO2 beads (20, 30 and 40mg), corresponding to 2.5,
3.75 and 5mg of ZnO nanopowder, in a MB solution with an initial
oncentration of 10mgL−1. A fixed dosage of the ZnO/Fe3O4/SiO2

beads (20mg), corresponding to 2.5mg of ZnO nanopowder, was added
to three different initial concentrations of MB (1, 5 and 10mgL−1) to
tudy the impact of initial dye concentration. The effect of the bead
orosity was investigated by comparing the photocatalytic performance
f 20 and 40mg of ZnO/Fe3O4/SiO2 beads that were prepared with and

without Span 80 using a MB solution with an initial concentration of
10mgL−1.

2.7. Magnetic recovery and reusability of microbeads

The magnetic response of the ZnO/Fe3O4/SiO2 beads was tested
by applying an external magnetic field using a 20 × 20 mm rare-
earth neodymium magnet (e-Magnets UK) to a 5mL aqueous sus-
pension of beads. Reusability studies were conducted through the
magnetic recovery of the ZnO/Fe3O4/SiO2 beads and their redispersion
in 50mL of fresh MB solution with an initial concentration of 10mgL−1.
Two further repeats were performed to study the reusability of the

ZnO/Fe3O4/SiO2 beads.
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Fig. 2. Images of the ZnO/Fe3O4/SiO2 microbeads without Span 80 that were acquired
by (a) bright-field optical microscopy (b) SEM (c) STEM and (d, e, f) EDX analysis.

3. Results and discussion

3.1. Morphology of microbeads

It can be seen from the bright-field optical micrograph, SEM and
STEM images in Fig. 2 that spherical ZnO/Fe3O4/SiO2 microbeads were
successfully prepared through the CaCl2-induced destabilisation and
subsequent agglomeration of nanoparticles in a W/O emulsion tem-
plate in the absence of Span 80. Black regions within the microbeads
are observed in the bright-field optical microscopy image (Fig. 2a),
which suggests the presence of Fe3O4 nanoparticles in the bead struc-
ture. Similar results were observed by Brossault et al. [51] for the
TiO2/Fe3O4/SiO2 beads. Fig. 2a also shows that the ZnO/Fe3O4/SiO2
beads appear to be aligned, which can be attributed to the attraction
between the magnetic Fe3O4 components. The SEM image (Fig. 2b)
shows that the beads have a smooth surface structure. The STEM image
(Fig. 2c) also shows the smoothness of the bead’s structure and confirms
the presence of different nanoparticles within the beads as evident
from the contrast in transmitted light intensity across the bead. EDX
analysis (Fig. 2d-f) was performed to obtain the elemental mapping
of the different constituent nanoparticles within the beads, i.e. silica,
ZnO and Fe3O4 nanoparticles. The EDX results confirm the presence of
all the constituent nanoparticles within the microbeads. The silica and
ZnO nanoparticles are homogeneously distributed within the beads,
unlike the Fe3O4 nanoparticles which appear more clustered. The low
homogeneity of the Fe3O4 nanoparticles distribution can be attributed
to the strong attraction between the Fe3O4 nanoparticles due to their
magnetic property. This is similar to observations made by Brossault
et al. [51] for TiO2/Fe3O4/SiO2 beads.

Span 80 was added to the oil phase of the W/O emulsion to mod-
ify the porosity of beads. The resulting impact on the photocatalytic
degradation of MB was then investigated. The SEM and TEM images
(Fig. 3) show that the beads prepared with 1 wt% of Span 80 have a
rougher and more porous structure. Brossault and Routh [56] demon-
strated that the addition of Span 80 to the oil phase resulted in the
production of silica microbeads with a more porous structure and that
the bead porosity increases with increasing the concentration of Span
80. This was explained by two possible mechanisms: the adsorption
of oil onto the surface of silica nanoparticles via Span 80 within the
formed beads, which is then removed during the washing process
leaving gaps in the clean beads (ii) the steric hindrance preventing
the packing of silica nanoparticles due to the formation of micellar
structures at the surface of particles. Similar observations were re-
ported for the silica beads containing other functional nanoparticles,
e.g. Fe3O4/SiO2 [56] and TiO2/Fe3O4/SiO2 microbeads [51], where
the beads prepared without Span 80 had a relatively smooth structure
4

with no or very small porosity. The TEM images also show that the
ZnO/Fe3O4/SiO2 microbeads have a composite structure consisting of
agglomerated constituent nanoparticles. Fig. 3 also shows the size
distributions of the ZnO/Fe3O4/SiO2 microbeads based on the SEM
images. The size distribution results show that Span 80 has negligible
effect on the size distribution. The beads without Span 80 have an
average diameter of 2.53 ± 0.78 μm, and the beads prepared with 1
wt% of Span 80 have an average diameter of 2.57 ± 0.67 μm. The size
distribution values are presented as mean ± standard deviation.

3.2. Analysis of UV–Vis spectra of ZnO and MB

Fig. 4 shows the UV–Vis absorption spectra of an aqueous dispersion
of ZnO powder (100mgL−1) and an aqueous MB solution (5mgL−1)
over a wavelength range of 220 to 800 nm. It can be seen that ZnO
has an absorption peak at 368 nm. Previous studies have reported on
absorption peaks of ZnO nanoparticles between 360 to 372 nm [22,57],
which is similar to the recorded value in this work. Furthermore, Fig. 4
shows that MB has absorption peaks at 246, 292, 610 and 664 nm,
which are consistent with the values reported by Dinh et al. [58]. The
absorption peak at 664 nm was tracked to determine dye removal during
photocatalytic degradation upon exposure to UV light. This absorption
peak was selected as it is located far away from the absorption peak of
ZnO. It was ensured that the MB solution, collected at different intervals
during the photocatalytic degradation experiments, did not contain any
photocatalyst particles through ensuring the absence of the absorption
peak of ZnO.

The band gap energy, 𝐸g, of the ZnO nanoparticles in electron volts
(eV) corresponds to their absorption limit and can be determined using
Eq. (1) [59]

𝐸g = 1240
𝜆

(1)

where 𝜆 is the wavelength at which the maximum absorption is ob-
tained in (nm). 𝐸g of the ZnO photocatalyts powder was calculated to
be 3.37 eV, which is in agreement with literature [29,60].

3.3. Photocatalytic degradation

The mechanism of the photocatalytic degradation of MB using ZnO
under UV light is illustrated in Fig. 5. The exposure of ZnO to UV light
with photonic energy (ℎ𝑣) that is equal to or greater than the band gap
energy of ZnO, i.e. ℎ𝑣 ≥ 𝐸g, results in the excitation of electrons from
the valence band (VB) to the conduction band (CB) [61]. The photoex-
citation process generates electron–hole (e−∕h+) pairs (Eq. (2)), which
can migrate to the surface of ZnO to be used in the redox reactions,
which involve the reaction of h+ with water and hydroxide ions to
generate hydroxyl radicals as well as the reaction of e− with oxygen
to generate super oxide radical anions and hence hydrogen peroxide
(Eqs. (3)–(7)). The hydroxyl radicals produced from the reaction of
hydrogen peroxide with superoxide radicals (Eqs. (8)–(10)) are potent
oxidising agents, which interact with the MB dye adsorbed on the ZnO
surface to generate intermediates and products, such as H2O, CO2 and
mineral acids (Eqs. (11) and (12)) [61].

ZnO + ℎ𝑣 → ZnO
(

e−CB + h+
VB

)

(2)

ZnO
(

h+
VB

)

+ H2O → ZnO + H+ + OH∙ (3)

ZnO
(

h+
VB

)

+ OH− → ZnO + OH∙ (4)

ZnO
(

e−CB
)

+ O2 → ZnO + O∙−
2 (5)

O∙−
2 + H+ → HO∙

2 (6)

HO∙
2 + HO∙

2 → H2O2 + O2 (7)

ZnO
(

e−CB
)

+ H2O2 → OH∙ + OH− (8)

H O + O∙− → OH∙ + OH− + O (9)
2 2 2 2
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Fig. 3. SEM (a, d) and TEM (b, e) images and the corresponding size distributions fitted with a normal density function as a solid black curve (c, f) of the ZnO/Fe3O4/SiO2
microbeads without Span 80 (top) and with 1 wt% Span 80 (bottom).
Fig. 4. UV–Vis absorbance spectra of aqueous dispersion of ZnO powder (100mgL−1)
and MB solution (5mgL−1). A photonic energy euqal to or greater than 3.37 eV (i.e. at
a wavelength below 368 nm) is required for the excitation of ZnO.

Fig. 5. The mechanism of the photocatalytic degradation of MB dye by ZnO under UV
light.

H2O2 + ℎ𝑣 → 2OH∙ (10)

Organic pollutants + OH∙ → Intermediates (11)

Intermediates → CO2 + H2O (12)
5

Fig. 6. Adsorption isotherm showing the amount of MB adsorbed onto the surface of
silica nanoparticles as a function of the final concentration of MB at 20 °C. Each data
point is a single measurement. The adsorption measurement was conducted by adding
15mg of silica nanoparticles to 50mL of MB solution with varying concentrations and
leaving the dispersion in the dark for 30 min. The size, i.e. mean diameter, of silica
nanoparticles determined using dynamic light scattering is 20 ± 1 nm (mean ± standard
deviation). The black line represents a linear fit of the data points.

Prior to performing the photocatalytic degradation, it is crucial to
investigate the adsorption of dye molecules from an aqueous solution
onto the surface of ZnO as the photocatalytic degradation of MB mainly
occurs on the surface [62]. Therefore, the MB solution containing the
dispersed photocatalyst was kept in the dark for 30 min to establish
the adsorption/desorption equilibrium. Fig. 6 shows the amount of MB
adsorbed onto the surface of silica nanoparticles, as calculated in Ap-
pendix A.1. It can be seen that the mass of MB adsorbed onto the surface
of silica nanoparticles increases with increasing the concentration of
MB. Furthermore, photolysis experiments were conducted and it was
found that the change in the initial concentration of MB (1, 5 and
10mgL−1) upon exposure to UV light for 120 min was negligible, which
indicates that MB does not significantly photodecompose in the absence
of photocatalyst at these conditions.

Fig. 7 shows the change in the UV–Vis absorption spectra of MB
during the photocatalytic degradation of a MB solution with an initial
dye concentration of 5mgL−1 by 2.5mg of ZnO powder and its equiv-
alent amount in 20mg of ZnO/Fe3O4/SiO2 beads. It can be seen from
Fig. 7 that the initial dye concentration of MB decreases significantly
after keeping the dispersion of MB and beads in the dark for 30 min
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Fig. 7. The UV–Vis absorption spectra of the photocatalytic degradation of a MB
solution with an initial dye concentration of 5mgL−1 using (a) ZnO powder (2.5mg) and
(b) its equivalent amount in 20mg ZnO/Fe3O4/SiO2 beads. The beads were prepared
without Span 80. Time was measured from the start of the photocatalytic degradation
process.

compared to that of ZnO powder and MB. This can be explained by
the high adsorption of the MB molecules onto the surface of beads
likely due to an electrostatic interaction. It can also be seen from Fig. 7
that the intensity of the absorption peak at 664 nm gradually decreases,
indicating the decomposition of the auxochrome group of MB [63]. The
disappearance of this absorption peak indicates the complete degrada-
tion of MB, which occurs faster using the beads compared to the ZnO
powder. The UV–Vis spectra of MB during the degradation process by
ZnO were also investigated in the full range of 220 to 800 nm. Fig. A.13
shows that the peaks at 246, 292 and 610 nm gradually disappear,
confirming the decomposition of MB.

3.3.1. Effect of initial concentration of MB solution
The amount of MB adsorbed onto the surface of ZnO nanopow-

der, prior to exposure to UV light, is very small (<8%). This can be
attributed to the repulsion between the ZnO nanopowder and MB as
both are positively charged at neutral pH. In contrast, around 80%
of the dye is adsorbed onto the surface of the ZnO/Fe3O4/SiO2 mi-
crobeads. Since the beads are comprised of 75% by mass negatively
charged silica nanoparticles, the positively charged dye molecules are
attracted and adsorbed on the microbeads. The negative charge of the
ZnO/Fe3O4/SiO2 microbeads was confirmed by measuring their zeta
potential at neutral pH, which was found to be −18.4 ± 0.6mV for the
microbeads without Span 80 and −17.4 ± 0.2mV for the microbeads
with 1 wt% of Span 80. The zeta potential values are presented as
mean ± standard deviation It is worth mentioning that the pH does not
change from neutral during the course of the reaction. Fig. 8 shows that
the initial dye concentration has a significant impact on the photocat-
alytic degradation of MB. It can be seen that the rate of degradation
6

Fig. 8. The effect of initial MB concentration on its photocatalytic degradation using a
fixed dosage of the photocatalyst, i.e, 2.5mg of ZnO powder or its equivalent of 20mg
of the ZnO/Fe3O4/SiO2 hybrid beads. The beads were prepared without Span 80. Each
data point corresponds to a single measurement.

increases with a decrease in the initial MB concentration at the same
dosage of catalyst (ZnO powder and ZnO/Fe3O4/SiO2 microbeads). The
rate of removal is the fastest for the lowest initial concentration of MB
(i.e. 1mgL−1). Complete removal of MB was observed within 45 and
120 min for 1 and 5mgL−1, respectively, using the ZnO nanopowder.
In the case of microbeads containing the same amount of ZnO powder,
complete removal of MB was observed within 15, 45 and 60 min for 1,
5 and 10mgL−1, respectively. The beads performed better compared to
the ZnO powder at the same initial concentration of MB.

Jang et al. [62] and Balcha et al. [22] reported similar results for
the degradation of MB using ZnO catalysts. Their studies showed that
degradation decreased with an increase in the initial concentration.
The increase in the concentration of MB results in higher adsorption
of the dye molecules onto the surface of ZnO, which in turn impacts
the catalytic activity. Furthermore, increasing the dye concentration
reduces the path length of photons entering the dye solution and results
in higher absorption of UV light by dye molecules rather than ZnO
catalyst, which in turn decreases the catalytic efficiency [22].

3.3.2. Effect of catalyst dosage
Fig. 9 shows that the catalyst dosage has an effect on the removal

of MB. The photocatalytic degradation results show that the highest
dosage of the ZnO powder (5mg) has a slightly higher dye removal in
comparison with the other dosages of 2.5 and 3.75mg. The dosage of
ZnO powder was increased to 7.5mg (Fig. A.14) to investigate whether
a further increase has an impact. Fig. A.14 shows that the same amount
of removal was observed for both catalyst dosages of 5 and 7.5mg. This
might be due to saturation of the ZnO surface with the adsorbed MB
molecules, which hinders the photocatalytic process. The impact of the
catalyst dosage on the photocatalytic degradation of MB is more evident
for the microbeads compared to the ZnO powder at the same initial
MB concentration of 10mgL−1. It can be observed that an increase in
the amount of catalyst results in an increase in degradation. This can
likely be attributed to the availability of more active sites. Furthermore,
Fig. 9 shows that complete removal of MB was achieved using the
microbeads.

3.3.3. Effect of bead porosity
The ZnO/Fe3O4/SiO2 beads were modified to be more porous

through the addition of 1 wt% of Span 80 in the oil phase during
preparation. The degradation results (Fig. 10) reveal that the bead
porosity has an impact at the lower dosage catalyst of 20mg where the
beads with 1 wt% of Span 80 have a higher removal rate. In addition,
complete degradation of MB was obtained within 60 min for both types
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Fig. 9. The effect of catalyst dosage on the photocatalytic degradation of MB at the
same initial concentration of MB solution (10mgL−1). The beads were prepared in the
absence of Span 80. Each data point corresponds to a single measurement.

Fig. 10. The effect of bead porosity on the photocatalytic degradation of MB with an
initial concentration of 10mgL−1. Low porosity refers to the beads prepared without
Span 80, whereas high porosity refers to beads prepared with Span 80 (1 wt%). Each
data point corresponds to a single measurement.

of bead (with and without Span 80) and catalyst dosages. Brossault
et al. [51] observed that the degradation of Rhodamine B was enhanced
by modifying the porosity of the TiO2/Fe3O4/SiO2 microbeads.

3.4. Magnetic response and reusability

The recovery of magnetic nanocomposites using an external mag-
netic field has been demonstrated for a number of systems, such as
TiO2–SiO2/CoFe2O4 nanocomposites [46], ZnO/Fe3O4 nanocompos-
ites [48–50,64], Fe3O4/SiO2 microbeads [56] and TiO2/Fe3O4/SiO2
microbeads [51]. The response of the ZnO/Fe3O4/SiO2 beads to an
external magnetic field was tested by placing a magnet in contact with
a 5mL aqueous suspension of beads, as illustrated in Fig. 11. It can be
seen that the beads are recovered within a few seconds. The attraction
of the beads to the magnet confirms the presence of Fe3O4 nanoparticles
within the beads.

The reusability of the ZnO/Fe3O4/SiO2 beads was investigated by
using the magnetically recovered beads for two further cycles of pho-
tocatalytic degradation of MB at the same catalyst dosage (40mg) and
initial concentration of MB (10mgL−1). It can be seen from Fig. 12 that
the adsorption slightly decreases from the first cycle. The recovered
beads were used immediately after the magnetic separation from the
treated MB solution without washing, and therefore it is likely that
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Fig. 11. The response of the ZnO/Fe3O4/SiO2 beads to an external magnetic field at
different times. This was tested by placing a magnet in contact with a 5mL aqueous
suspension of beads prepared without Span 80. A video of the magnetic response is
provided in Appendix B.

Fig. 12. Investigation of the recyclability of beads. (a) adsorption of MB on the surface
of the photocatalyst and (b) the photocatalytic degradation of MB using a catalyst
dosage of 40mg and initial concentration of MB solution of 10mgL−1. The beads were
prepared with Span 80 (1 wt%).

residual MB was trapped on the surface of the beads. The photocatalytic
degradation results in Fig. 12 show that the recycled beads were
still capable of completely degrading MB. It was found that complete
degradation of MB was achieved within 30 min of exposure to UV
light. The results also show that the photocatalytic efficiency of the
microbeads is not affected using the magnetically recovered beads as
complete degradation is achieved in the two subsequent cycles using
the same beads. This suggests that the ZnO within the ZnO/Fe3O4/SiO2
beads does not undergo photo-corrosion in these conditions.

4. Conclusions

A photocatalyst in the form of ZnO/Fe3O4/SiO2 microbeads was
prepared through the salt-induced destabilisation and subsequent ag-
glomeration of nanoparticles in a W/O emulsion template. The work
shows the potential of such system for the removal of cationic azo
dyes from wastewater through photocatalytic degradation. The cata-
lyst dosage, initial concentration of MB solution and the porosity of
beads have an impact on the degradation process of MB. Since the
beads are magnetically separable due to the presence of the magnetic
nanoparticles, it was possible to recover the beads and use them for
further degradation experiments. The strong attraction between the
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negatively charged beads and positively charged MB molecules results
in higher adsorption and photocatalytic degradation of MB in compar-
ison with the ZnO powder at the same conditions. This work shows
that complete degradation can be achieved using small amounts of the
ZnO/Fe3O4/SiO2 microbeads upon exposure to low-power UV-light.
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Appendix A

A.1. Adsorption isotherm

The surface specific mass of MB adsorbed onto the silica nanoparti-
cles was calculated using Eq. (A.1).

𝑚 =
𝑉
(

𝐶0 − 𝐶t
)

𝐴
(A.1)

where 𝑚 is the mass of adsorbed MB (mg/m2 silica), 𝑉 is the volume of
MB solution (L), 𝐶0 is the initial concentration of MB before adsorption
(mg/L), 𝐶t is the concentration of MB after adsorption (mg/L) and 𝐴 is
the surface area of silica (m2).

A.2. UV–Vis analysis

See Fig. A.13.

A.3. Effect of catalyst dosage

See Fig. A.14.
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Fig. A.13. The UV–Vis absorption spectra of the photocatalytic degradation of a MB
solution with an initial dye concentration of 5mgL−1 by ZnO powder (2.5mg) in
the range of 220 to 800 nm. Time was measured from the start of the photocatalytic
degradation process.

Fig. A.14. The effect of catalyst dosage in the form of ZnO powder on the pho-
tocatalytic degradation of MB at the same initial concentration of MB solution
(10mgL−1).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.colsurfa.2024.134169.
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