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Abstract: In this study, the relative efficiency of four forms of supported titanium dioxide (TiO2 )
as a photocatalyst to degrade 2,4-dichlorophenoxyacetic acid (2,4-D) in Killex® , a commercially
available herbicide was studied. Coated glass spheres, anodized plate, anodized mesh, and
electro-photocatalysis using the anodized mesh were evaluated under an ultraviolet – light-emitting
diode (UV-LED) light source at λ = 365 nm in a semi-passive mode. Energy consumption of the system
was used to compare the efficiency of the photocatalysts. The results showed both photospheres and
mesh consumed approximately 80 J/cm3 energy followed by electro-photocatalysis (112.2 J/cm3 ),
and the anodized plate (114.5 J/cm3 ). Although electro-photocatalysis showed the fastest degradation
rate (K = 5.04 mg L−1 h−1 ), its energy consumption was at the same level as the anodized plate with a
lower degradation rate constant of 3.07 mg L−1 h−1 . The results demonstrated that three-dimensional
nanotubes of TiO2 surrounding the mesh provide superior degradation compared to one-dimensional
arrays on the planar surface of the anodized plate. With limited broad-scale comparative studies
between varieties of different TiO2 supports, this study provides a comparative analysis of relative
degradation efficiencies between the four photocatalytic configurations.
Keywords: photocatalysis; semi-passive; anodization; buoyant catalyst; 2,4-D; LED; mesh

1. Introduction
As a clean technology, photocatalysis holds a lot of promise. Research interest on photocatalysis
has significantly increased since the initial publication on titanium dioxide (TiO2 ) photocatalysis in
1971 [1]. As an advanced oxidation process, it utilizes a semiconductor material as a reusable catalyst
that is capable of mineralizing organic contaminants with light energy as the main input. This makes
photocatalysis an appealing treatment option for both industrial and municipal wastewaters [2–7].
The most versatile semiconductor that has been used as a photocatalyst is titanium dioxide
(TiO2 ), which owes its popularity to its low cost, non-toxicity, and photo-stability as well as its unique
non-selectivity characteristic for oxidation reactions. It is also chemically and mechanically robust,
that makes it an ideal photocatalyst candidate for various reaction media [8–11]. With a high oxidation
potential (approximately +3.2 V), high energy ultraviolet (UV) radiation (λ ≤ 387 nm) is required to
excite electrons in its valence band and move them to the conduction band to initiate the photocatalytic
reaction [4,9,12]. Although other semiconductors such as zinc oxide (ZnO), cadmium sulfide (CdS) [13],
tungsten oxides (WOx ≤ 3) [14,15] and other tungstate species [16] as well as their combinations [2,4,17]
have been tested for photocatalysis, TiO2 is still a broadly studied photocatalyst and is utilized as a
model photocatalyst in this study.
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TiO2 can be used in various forms such as powder, being immobilized (on a surface such as
a sphere or a plate), or one of many possible variations of nanoparticle materials. Each method of
application presents unique advantages and challenges. While powdered TiO2 has been extensively
researched, it has a significant disadvantage in environmental applications. As a photoactive material,
the powdered TiO2 must be separated from water prior to its release that necessitates an additional
treatment step [3,18,19]. Although immobilized TiO2 avoids the complications of a secondary
separation step, its available surface for reactions is reduced and consequently has lower reactivity,
leading to lower degradation rates in some cases [20–23].
Supported nanostructures are a viable option for the application of TiO2 in water treatment.
They can provide higher reaction rates than simple immobilized TiO2 plates while having the
advantage of being supported, making an extra separation step unnecessary. Many studies on
TiO2 nanotubes boast high electron mobility, lower recombination rates, high surface area and high
mechanical strength [24–29]. When nanotubes are produced on spaced materials such as a mesh,
nanotubes can grow in all directions resulting in a three-dimensional structure. Several studies have
been published demonstrating degradation of contaminants using these three-dimensional nanotube
structures [26,30,31]. Research [26] has demonstrated that photocatalyst nanotubes with a 3D geometry
were more efficient in absorbing light, minimizing photon loss in the liquid, and present a much higher
photocatalytic activity per unit surface area compared to a plated one-dimensional array. The results
showed that the photocurrent response in the mesh, as an indicator of the photocatalytic activity, was
higher than the plate. This indicated a lower recombination of photo-generated electrons and holes,
higher photoelectron transfer efficiency and higher light absorbance in the mesh. The increased light
absorbance efficiency can be attributed to the different directionality of nanotubes with 3D geometry
being more effective in capturing indirect light such as reflected or refracted photons. Beyond the
improved light absorbance, better degradation rates in 3D structures have also been attributed to
interstitial fissures between the nanotubes, which provides more access to the catalyst surface by the
contaminant [26].
Amongst various fabrications and application methods, positioning a photocatalyst near the
surface of water, and on a floating support have been investigated by several researchers as it allows
higher oxygenation and illumination [17,32–36]. Although the initial floating supported photocatalysts
were shown to be effective to clean oil slicks on water [17], the ingestion risk by fishes and animals in
water and uncertain toxicity of the degradation intermediates limited their development. This led to
various studies to improve their size scale and evaluate their efficacy to degrade various contaminants.
Alternatively, TiO2 plates are a commonly considered photocatalyst. With a simple setup, they have
been shown to degrade a variety of organic contaminants [8,37]. However, due to the tendency of
charge-hole recombination in the semiconductor photocatalyst, the quantum yield is generally low in
heterogeneous photocatalysis [19,20,38].
One of the methods to overcome the low quantum yield of heterogeneous photocatalysis on
supported substrates is electro-photocatalysis. This refers to an anodic polarization being applied in an
electrochemical cell, causing it to act as a photoanode. The applied voltage removes excited electrons
from the surface of the photocatalyst, inhibiting the recombination of the electron-hole pairs [39,40].
Researches have demonstrated the enhanced rate of photocatalytic degradation when it is combined
with an electrical bias. Research on an Azo dye showed that the degradation rate approximately
doubled when an electrical bias of 1.5 V was applied on the nanotube arrays of an anodized Ti mesh
electrode [41]. TiO2 coated electrode by the sol-gel method resulted in 65% enhancement in degradation
efficiency of methyl tertiary butyl ether using 0.25 bias [42], and the electro-photocatalytic degradation
rate of methyl orange was 1.7 times higher on the modified titanium nanotube electrode in comparison
to the photocatalytic degradation [43].
There is extensive literature investigating various supports for photocatalysis. Most studies
provide a comparison between different nanotube structures or various coating methods, without an
experimental peer evaluation between the efficiency of different supports. Considering the advantages
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of buoyant photocatalysts and nanostructures, the intention of this research was to conduct an
exploratory study to compare the efficacy between the conventional floating TiO2 coated on the
glass spheres and nanostructured engineered supports, to be used as floating photocatalysts for water
decontamination under ambient conditions.
In this research, an experimental evaluation of four types of supported TiO2 photocatalysts were
conducted, allowing for a broad comparison between the different supports in a semi-passive mode.
Floating TiO2 spheres, an anodized TiO2 plate with one-dimensional nanotube arrays, anodized TiO2
mesh with a three-dimensional nanotube structure, and electro-photocatalysis utilizing the anodized
TiO2 mesh were investigated.
The herbicide Killex® was used as a model organic contaminant. It is a widely applied herbicide
that is used in lawns and agricultural lands. It contains 2,4-dichlorophenoxyacetic acid (2,4-D),
methylchlorophenoxy propionic acid (MCPP or Mecoprop-P) and 3,6-dichloro-2-methoxybenzoic acid
(Dicamba). 2,4-D is a contaminant of priority due to its low biodegradability and runoff potential
and high mobility [44,45]. Photocatalytic degradation of 2,4-D results in the production of 4-chloro
pyrocatechol, 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol [46–48]. During photocatalytic
degradation of Killex® , degradation of 2,4-D is slower compared to its pure aqueous solution due to
the competition between its three components [48,49].
The irradiation source was an ultraviolet – light-emitting diode (UV-LED) panel. UV-LEDs
were selected for their energy efficiency and longer lifespan compared to low-pressure UV lamps
(i.e., approximately four times) [6,49,50]. Additionally, LEDs contain no mercury, making them an
environmentally friendly alternative to standard fluorescent UV bulbs.
The experiments were conducted in a semi-passive mode, where no mixing was involved during
the irradiation. The objective was to investigate what can be expected of a semi-passive photocatalytic
system if it was to be used to treat ponds containing contaminated water under an ambient environment.
Thereby, the reaction rates can be representative of the rate of removal of organic contaminants in
natural contaminated watersheds and industrial wastewater ponds that are exposed to sunlight.
2. Materials and Methods
2.1. Materials
The titanium mesh with 99.9% purity was supplied from Alfa Aesar. The titanium plate with
99.7% purity was obtained from Sigma-Aldrich, St. Louis, MO, USA. The 6061-grade aluminum
was used as a cathode for anodization and was procured from New West Metals Inc., Winnipeg,
MB, Canada. The hollow glass microspheres coated with anatase TiO2 (HGMT) were obtained from
Cospheric Innovations in Microtechnology. They are referred to as photospheres in this paper and had
a median diameter of 45 µm and density of 0.22 g/cm3 .
A 99% pure-ethylene glycol was supplied by VWR and 99.9% pure acetone was obtained from
EMD. A 98% pure ammonium fluoride, 99.8% ethyl acetate and 99.8% methanol were obtained from
Sigma-Aldrich. The phosphoric acid was supplied by J. T. Baker. Commercially available Killex®
containing 95 g/L of 2,4-dichlorophenoxyacetic acid (2,4-D), 52.5 g/L of Mecoprop-P, and 9 g/L of
Dicamba was purchased from a local retailer.
An in-house UV-LED light source (λ = 365 nm) composed of 16 lamps (NSCU330B, Nichia
Corporation, Anan, Japan) in a four by four array on a 10 cm by 10 cm circuit board was used as a
light source. It was equipped with an air fan to cool down the generated heat from the lamps. A dual
output power supply (Model TW 5005D) was used to drive the module with direct current, ranging
from 10 mA to 500 mA [51]. A PANalytical Aeris X-ray diffractometer was used for X-ray diffraction
(XRD) characterization of the photocatalysts. The HighScore Plus XRD analysis software was utilized
for Qualitative XRD analysis and Rietveld Refinement. An SEM (JEOL JSM-IT300LV, Tokyo, Japan)
by InTouchScope and a TEM (Tecnai F20, by Thermo Fischer Scientific) were used to characterize the
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morphologies of the anodized titanium mesh. A Hummer II sputter coater from Anatech, USA was
used to coat the cathode (anodized titanium mesh) with platinum.
2.2. Methods
2.2.1. Experimental Design and Setup
All experiments were conducted at room temperature, pressure, and under similar conditions.
In order to be able to compare the photocatalyst supports (as a variable), all experimental parameters
including light source, irradiation light intensity, lack of mixing, distance from the light source and
the initial concentration of 2,4-D in the solution were identical in all experiments. The type of the
photocatalyst support was different in each experiment, therefore the performance of the studied
photocatalysts (i.e., TiO2 photospheres, anodized titanium mesh, plate and electro-photocatalysis using
an anodized titanium mesh) were studied as a variable.
The output light intensity of the UV-LED module was linear in the range of 2.2 mW/cm2 to
17.3 mW/cm2 . The light intensity was adjusted at 15 mW/cm2 [51]. The distance of the photocatalyst
surface from the irradiation source was 5.5 cm in all experiments.
Wide mounted glass jars with a diameter of 4 cm were used as reaction vessels. In all experiments,
0.52 mL of Killex® was dissolved in 1 L of milli-Q water resulting in a solution containing 49.4 ppm
2,4-D, 27.3 ppm Mecoprop-P and 4.68 ppm Dicamba. In each experiment, a control sample without a
photocatalyst was also monitored to evaluate the possible photolysis in the solutions. The length of time
between sampling intervals created a requirement to correct the mass of the solution for evaporation.
This was done by monitoring the mass of the solution during the experiments. The milli-Q water
was added before each sampling to adjust the mass of the solution to its initial mass before each
irradiation cycle.
In the experiments using an anodized titanium plate, the plate was placed at the bottom of the
reaction jar. Dimensions of the plate were measured and used to calculate the surface area of the
photocatalyst for energy calculations. When the titanium mesh was used, it was secured close to the
surface of the reaction medium using a stainless steel wire mesh. The surface area of the mesh was
calculated based on its dimensions and the percentage of the open area (64%) was used to calculate the
effective surface area for energy calculations.
In the electro-photocatalysis experiments, a platinum coated anodized mesh was used as a
cathode, and the anodized titanium mesh was used as a photoanode. Anode and cathode were
connected to a battery (1.5 V) as a source of direct electric current. Current and voltage were measured
with a voltmeter and ammeter during the experiment.
For the TiO2 photospheres experiments, the photospheres were mixed with water and those that
were buoyant, were collected and dried overnight. The photospheres were then mixed with spiked
water using a magnetic stirrer for 30 min before irradiation to allow adsorption to reach equilibrium.
In order to identify an optimum photocatalyst loading for the purpose of comparison with the other
studied photocatalysts, three different catalyst loadings were tested, 7.2 mg/cm2 and 11.9 mg/cm2
and 16.7 mg/cm2 , equal to 1.8 g/L, 3.0 g/L, and 4.2 g/L, respectively. Since the photocatalyst was
floating on the surface, the surface area of the reaction jar was considered as the irradiated surface by
the light source and was used in energy calculations.
2.2.2. Anodization of Titanium Mesh
Supported TiO2 nanotubes were prepared by anodization of a titanium mesh followed by a
temperature controlled annealing to acquire anatase phase, which is the most desired crystalline
morphology of TiO2 for photocatalytic applications [52]. The titanium mesh was first degreased by
sonication in an acetone/methanol solution for 30 min. It was then rinsed with water and dried at
room temperature. The degreased mesh was anodized in an aqueous solution of ethylene glycol,
containing 2% water and 0.5% ammonium fluoride for 24 h. The anodized mesh was then rinsed with
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water and dried at room temperature followed by annealing in the oven for 3 h at 450 ◦ C to form an
anatase crystalline structure [24,26,45–47]. The mesh was cut into uniform pieces with a surface area of
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Further analysis was performed on the mesh photocatalyst for characterizing the surface morphology,
length, and thickness of the nanostructures by a scanning electron microscope (SEM) and a transmission
electron microscope (TEM). Images are presented in Figure 1. As it can be seen on the images, the length
Water
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area, hence the availability of the active reaction sites. However, an optimum TiO2 dosage exists
after which degradation rates will decrease with higher catalyst loadings [59]. This phenomenon has
been attributed to photon limitation or light scattering on the surface of the photocatalyst particles,
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study
utilizing
the anodized
TiO2 mesh
performed
to assess its photocatalytic
experimental
study
utilizing
the anodized
TiOwas
2 mesh
was performed
to assess its
activity
in
a
semi-passive
mode,
and
as
well
to
compare
it
with
the
anodized
plate
and
other
methods
photocatalytic activity in a semi-passive mode, and as well to compare it with the anodized plate
and
studied
here. The
degradation
of 2,4-D
with time
is presented
in Figure
3. The zero-order
rate
other methods
studied
here. The
degradation
of 2,4-D
with time
is presented
in Figure 3.kinetic
The zeroconstant
was 3.45
L−1 h−1was
with3.45
the mg
half-life
(t1/2 )the
of 7.09
h. Energy
order kinetic
ratemg
constant
L−1 time
h−1 with
half-life
time consumption
(t1/2) of 7.09 to
h. achieve
Energy
3.
3
99.8%
degradation
was
on
average
160
J/cm
consumption to achieve 99.8% degradation was on average 160 J/cm .
60

Concentration of 2,4-D (ppm)

First Run
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Figure 3. Degradation of 2,4-D using anodized mesh.

Experiments
Experiments were
were performed
performed in
in duplicate
duplicate to
to account
account for
for considerable
considerable variances
variances that
that can
can occur
occur
when
growing
TiO
nanotubes
on
the
non-uniform
surface
of
the
mesh.
The
degradation
efficiency
2
when growing TiO2 nanotubes on the non-uniform surface of the mesh. The degradation efficiency
varied 2.2% between the replicate samples. Although the percentage was small, the difference
between samples can be attributed to the variation on nanotube structure due to the variations in the
electrical field alongside the wires of the mesh during the anodization process. This emphasizes the
importance of the production of a uniform mesh.
Each TiO2 mesh was tested a second time to assess its durability in repeated applications. One
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varied 2.2% between the replicate samples. Although the percentage was small, the difference between
samples can be attributed to the variation on nanotube structure due to the variations in the electrical
field alongside the wires of the mesh during the anodization process. This emphasizes the importance
of the production of a uniform mesh.
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the
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in
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decreased
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reported for repeated runs on TiO2 nanotube meshes by Liao et al. [26], who found that after five runs
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the degradation
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The mechanism
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TiO
tend
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during
the experiment
[65].
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the experiment
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[66] showed
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of substrate
TiO2 nanotube
could be improved
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modification
methods
as incorporating
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TiO2 nanotube
arrays
could
be
improved
by
surface
modification
methods
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incorporating
into microstructures of nanotube layers, which increases the hardness and mechanical
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into
of nanotube
layers,
increases that
the hardness
and mechanical
strength
strength ofmicrostructures
the layers. In another
study,
it waswhich
demonstrated
the presence
of fluoride-rich
layer
ofimproves
the layers.
another study,
was demonstrated
theInadhesion
of the it
nanotube
layer [65]. that the presence of fluoride-rich layer improves
the adhesion
of the
nanotube
layer [65].
Variables
affecting
anodization
are electrolytes types, voltage, and duration of the anodization,
Variables
affecting
anodization
are
electrolytes
types,
voltage,
and duration
of the anodization,
annealing temperature and duration, as
well as the
distance
between
the electrodes.
They cause a
annealing
temperature
and
duration,
as
well
as
the
distance
between
the
electrodes.
They
cause
a
difference in the crystal phase, length and width of the produced TiO2 nanotubes which
is the
reason
difference
in
the
crystal
phase,
length
and
width
of
the
produced
TiO
nanotubes
which
is
the
reason
behind the difference in their mechanical stability on the surface of2 the titanium mesh [25,26,28,67–
behind
the difference
in their
mechanical
stability stable,
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surface
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70]. When
the nanotubes
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not mechanically
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When
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nanotubes
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they
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fall
off
from
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in
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usage, resulting in a reduced photocatalytic activity.
resulting in a reduced photocatalytic activity.
3.4. Anodized Plate
3.4. Anodized Plate
The degradation efficiency was 57% after 10 h of irradiation, consuming 111.9 J/cm3 3 of energy.
The degradation efficiency was 57% after 10 h of irradiation, consuming
111.9 J/cm of energy.
Degradation followed a zero-order degradation rate constant of 3.07 mg L−1−h1 −1 with
the half-life time
Degradation followed a zero-order degradation rate constant of 3.07 mg L h−1 with the half-life
of 7.97 h. Since the photocatalyst plate was placed at the bottom of the reaction jar, an additional
time of 7.97 h. Since the photocatalyst plate was placed at the bottom of the reaction jar, an additional
experiment was performed to investigate the effect of the depth of water column on the degradation
experiment was performed to investigate the effect of the depth of water column on the degradation
efficiency. The plate was covered with contaminated water, which resulted in various water depths
efficiency. The plate was covered with contaminated water, which resulted in various water depths
ranging from 1 cm to 4 cm on top of the photocatalyst plate. The concentration, distance from the
ranging from 1 cm to 4 cm on top of the photocatalyst plate. The concentration, distance from the
irradiation source and the light intensity were identical in all samples. All samples irradiated for 10
irradiation source and the light intensity were identical in all samples. All samples irradiated for 10 h.
h. The results are presented in Figure 4.
The results are presented in Figure 4.
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Figure 4. Degradation efficiency versus energy at various depths using the anodized plate.
Figure 4. Degradation efficiency versus energy at various depths using the anodized plate.

It was observed that at a depth of 4 cm, energy consumption was 55.9 J/cm 3 to achieve 38%
degradation efficiency (defined as ΔM/M0 = (M0 − Mt)/M0), which was 27% lower compared to a 1 cm
depth (76.3 J/cm3). The results showed that the increase in depth, did not decrease the energy
efficiency of the system. Although the Beer Lambert equation (A = ε b c) states light absorbance in a
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It was observed that at a depth of 4 cm, energy consumption was 55.9 J/cm3 to achieve 38%
degradation efficiency (defined as ∆M/M0 = (M0 − Mt )/M0 ), which was 27% lower compared to a
1 cm depth (76.3 J/cm3 ). The results showed that the increase in depth, did not decrease the energy
efficiency of the system. Although the Beer Lambert equation (A = ε b c) states light absorbance
in a solution (A) is directly proportional to its path length (b), molar concentration (c), and molar
absorptivity
results
showed that the effect of path length at the studied depth ranging9 from
Water
2019, 11, x (ε),
FOR the
PEER
REVIEW
of 16
1 cm to 4 cm was negligible.
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it can Therefore,
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thethe
contaminant;
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the
Therefore,
the results with
are comparable
with the floating
photospheres
and mesh, where
the
results are comparable
the floating photospheres
and mesh,
where the photocatalyst
is brought
photocatalyst
is brought near the surface.
near the surface.
3.5.Electro-Photo
Electro-PhotoCatalysis
CatalysisUsing
UsingAnodized
AnodizedTitanium
Titanium Mesh
Mesh
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in preventing
preventing electron-hole
electron-hole pair
pair recombination
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kept
mesh.
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±
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from
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before
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during the 6 h irradiation period. Results of the experiment are presented in Figure 5.
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due
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working
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electrons
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holes that are produced during photocatalysis. This results in excited electrons being removed from
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electron–hole
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a
second
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showing
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14%
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to
the
initial
run.
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on
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loss
of
tested a second time, showing an efficiency drop of 14% compared to the initial run. Literature on the
degradation
efficiency
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It
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reported
from
no
loss
[41]
to
7%
[74]
and
8%
[26]
loss of degradation efficiency varies considerably. It was reported from no loss [41] to 7% [74] and 8%
efficiency
reduction
duringduring
the repeated
cycles. The
mechanism
for the reduction
the photocatalytic
[26]
efficiency
reduction
the repeated
cycles.
The mechanism
for thein reduction
in the
activity
after
repeated
use
is
the
same
as
discussed
for
TiO
mesh
earlier.
2
photocatalytic activity after repeated use is the same as discussed
for TiO 2 mesh earlier.

3.6. Comparison of Three Forms of the Photocatalyst and Electro-Photocatalysis
The required energy to achieve 60% degradation was used to compare the efficiency of the four
studied photocatalysts. In the experiments using the mesh photocatalyst, the average value of the
energy consumption of the four experiments is used for the purpose of comparison.
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3.6. Comparison of Three Forms of the Photocatalyst and Electro-Photocatalysis
The required energy to achieve 60% degradation was used to compare the efficiency of the four
studied photocatalysts. In the experiments using the mesh photocatalyst, the average value of the
energy consumption of the four experiments is used for the purpose of comparison.
Energy (Elamp in J/cm3 ) was calculated based on the LED output in mW/cm2 and the surface area
of the photocatalyst. Therefore, the variation of the surface area of the different photocatalysts was
taken into account. The degradation efficiency or the normalized degraded mass of 2,4-D (∆M) was
calculated based on the mass difference during the photocatalytic reaction using the following equation
where M0 is the initial mass of 2,4-D in the solution, and Mt is its mass at various sampling intervals:
∆M =

M0 − Mt
,
M0

(2)

In electro-photocatalysis, the applied excessive voltage was accounted in energy calculations.
The following equations were used to calculate the total consumed energy per volume of the sample
(Etotal in J/cm3 ):
Etotal = Elamp + Eelectro−chemical cell ,
(3)
Eelectro−chemical cell =

V×I×t
Vs

(4)

where V is the average potential of the electrochemical cell (in V), I is the average of measured current
during irradiation (in A), t is time (in s) and Vs is the volume of the solution (in cm3 ) [75,76]. The results
are summarized in Table 3, and illustrated in Figure 6.
Table 3. Experimental results of 2,4-D degradation in various photocatalyst substrates.
Photocatalyst

Surface Area of the
Photocatalyst (cm2 )

Energy (J/cm3 )

T1/2 (h)

K Value
(mg L−1 h−1 )

R2

Anodized plate
Anodized mesh
Electro-photocatalysis
Photospheres

4.97
2.76
2.76
12.56

114.5
80.3
112.2
80.3

7.97
7.09
4.86
5.48

3.07
3.45
5.04
4.55

0.99
0.99
0.99
0.99

It was observed that energy consumption was at the same level in the anodized plate
(i.e., 114.5 J/cm3 ) and electro-photocatalysis (i.e., 112.2 J/cm3 ). Energy consumption was also similar
in the photospheres experiment at 80.3 J/cm3 , with the average energy consumption of the four
studied anodized mesh at 80.3 J/cm3 . In comparison to the photospheres experiment and the mesh,
energy consumption was 39% higher on average when the anodized plate and electro-photocatalysis
were used.
The lower efficiency and higher energy consumption of the anodized plate is due to the 2D
geometry of its planar surface compared to the 3D nanostructures on the mesh [26]. Although the
dimensions of the plate and mesh were similar, void spaces in the mesh resulted in a significantly lower
surface area available for light absorbance. In contrast, the three-dimensional surface morphology of
TiO2 nanotubes grown on a mesh are more efficient in the absorbance of the scattered light compared
to the 2D geometry of the planar surface of the titanium plate despite having a lower surface available
for irradiation. Moreover, the interstitial fissures between the nanotubes allow contaminant molecules
easier access to the photocatalyst surface area, which enhances the photocatalytic activity.
This phenomenon has been studied by other researchers [26] in the photocatalytic degradation
of methyl orange under a high-pressure mercury lamp with the wavelength of 365 nm. It was
demonstrated that under similar conditions and equal time (360 min), the photocatalytic degradation
of methyl orange was 18% higher when an anodized mesh was compared with an anodized plate.
The outperformance of the photospheres in comparison to the plate can be attributed to the
increased access to the catalyst surface area by photons and the reactants—a primary factor in

results are summarized in Table 3, and illustrated in Figure 6.
Table 3. Experimental results of 2,4-D degradation in various photocatalyst substrates.

Surface Area of the
Energy
K Value
T1/2 (h)
R2
2)
3)
Photocatalyst
(cm
(J/cm
(mg
L−1 h−1)
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Anodized plate
4.97
114.5
7.97
3.07
0.99
Anodized mesh
2.76
80.3
7.09
3.45
0.99
determining
the
degradation
rate
in
photocatalysis.
Other
studies
have
also
demonstrated
similar
Electro-photocatalysis
2.76
112.2
4.86
5.04
0.99
resultsPhotospheres
[51].
12.56
80.3
5.48
4.55
0.99
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Figure
Figure 6.
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It was observed that with
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level in the efficiency
anodized of
plate
114.5
3). Energy
mesh3) was
with photospheres.
This
is due
to the improved
photocatalytic
activityin
of the
J/cm
andcomparable
electro-photocatalysis
(i.e., 112.2
J/cm
consumption
was also similar
3, with
supported TNTs
and 3D structures
of TiO
mesh consumption
wires, compared
to anatase
TiO2 ,
photospheres
experiment
at 80.3 J/cm
the averagethe
energy
of the
four studied
2 surrounding
mounted on
the at
glass
Moreover,
it has
advantages
because and
a separation
step
after
anodized
mesh
80.3spheres.
J/cm3. In
comparison
to significant
the photospheres
experiment
the mesh,
energy
treatment
is
not
required,
and
it
can
be
removed
easily
when
the
treatment
is
completed.
consumption was 39% higher on average when the anodized plate and electro-photocatalysis were
used.Albeit electro-photocatalysis resulted in the lowest half-life time (i.e., 4.86 h) compared to the
methods studied here, but its energy consumption was at the same level as the anodized plate.
This outcome was also in-line with other published comparative studies [41,42,75–77]. The enhanced
efficiency is attributed to the presence of the electrical bias between the electrodes which minimized the
electron-hole recombination on the photocatalyst and increased the quantum yield of the photocatalytic
degradation process. The primary disadvantage of this system is the required additional electricity to
the photoanode as well as the increased complexity of the process, which leads to a higher capital and
operational costs [75].
The studied semi-passive system using the anodized plate is also compared with a flow-through
photoreactor, using the same anodized plate and the same light source to degrade 2,4-D in a Killex®
solution [49]. During 2 h of irradiation, the photoreactor resulted in 78% higher degradation efficiency
of ∆M = 0.25 compared to ∆M = 0.14 in the semi-passive system. Energy consumption of the
semi-passive system was 44.8 J/cm3 at ∆M = 0.25 which was 3.6 times higher than the photoreactor
(12.5 J/cm3 ). This difference is due to the slower kinetics of the photocatalytic degradation in the
semi-passive system due to the lack of mixing that minimizes mass transfer. The reported pseudo
first-order kinetic rate constant was 648 h−1 in the reactor, compared to the zero-order rate constant
of 3.07 mg L−1 h−1 in the semi-passive photocatalysis. It can be concluded that the semi-passive
photocatalysis consumes more energy and results in a lower degradation efficiency during a same
period of time when compared to a photoreactor.
Although photospheres have recently been broadly and successfully studied for degradation of
environmental contaminants [20,78–81], their usage is still constrained by problems with separation
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after treatment. Moreover, ensuring the even dispersion of the photospheres for a semi-passive
treatment, with no mixing, may be a challenge in practical applications. Furthermore, a direct
comparison between the publications in this field and the results presented in this paper is not
feasible due to the different operational parameters and the variety of the studied contaminants.
The feasibility of utilization of the robust anodized TiO2 based photocatalysts, designing a system for
field applications at a larger scale, and studying the system to degrade various organic contaminants
in water will be the direction for future research.
4. Conclusions

•
•

•

•

•

•
•

The feasibility of using four types of TiO2 photocatalysts under UV-LED irradiation (i.e.,
λ = 365 nm) in a semi-passive system was investigated.
Energy consumption (J/cm3 ) was used to rank the degradation efficiency of the photocatalysts.
Photospheres (80.3 J/cm3 ) and anodized titanium mesh (80.3 J/cm3 ) showed similar efficiencies
followed by electro-photocatalysis (112.2 J/cm3 ) and the anodized plate (114.5 J/cm3 ).
Although the electro-photocatalysis rate of reaction was 64% higher than the photocatalysis with
anodized plates, and 46% higher than the photocatalysis using the anodized mesh, it required
additional energy and control during the photocatalytic degradation process.
Increasing the loadings of the photospheres enhanced the kinetics of the degradation reaction
from 4.12 mg L−1 h−1 to 4.55 mg L−1 h−1 , but further increases in the loadings reduced the rate of
reaction to 4.36 mg L−1 h−1 . The variation in the rate of reaction, validated the deactivation of the
originally activated species of TiO2 due to the collision mechanism and the UV screening effect.
Though the degradation rate and efficiency was high with photospheres, they still would require
a separation step after treatment. This minimizes their attractiveness for application under
ambient environments.
Studying the depth of the photocatalyst from the surface showed at the range of 1 cm to 4 cm, the
effect of the mass of the contaminant in the solution supersedes the effect of the light penetration.
Anodized mesh showed 29% higher efficiency with 56% surface area of the anodized plate, but its
performance varied during repetitive usage. The resulted variation is associated with the ability
of the anodization process to generate a uniform mesh with a stable photocatalyst on its surface.
This emphasizes the importance of improving the anodization process to produce a robust and
uniform mesh which will be considered in future studies.
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dioxide photospheres.
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