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Abstract

Highly photocatalytic water purification three-dimensional nanofiber membranes were fabricated. We identified the optimal fabrication process
of nylon-6 nanofiber membranes suspending titania nanoparticles for potential water purifications and toxicity control of chlorophenols.
Nanofibers and nanoparticles were deposited on a soda lime glass substrate by electrospinning and electrospraying, respectively. Titania
nanoparticles were used to induce the UV light driven photocatalytic effect and nanofibers were used to tightly suspend the nanoparticles in air.
Both batch and continuous deposition processes were introduced in the membrane fabrication process and their water purification performances
were compared and quantified using a methylene blue solution, which is often used as a model pollutant. Surface morphologies and
characteristics of the membranes fabricated at various process conditions were also provided. The membrane fabricated by the continuous means
yielded 100% degradation of the methylene blue solution within 90 min under a relatively weak UV irradiation (0.6 mW/cm?), which promises its
potential indoor application. The nano-textured membranes developed in this work was also applied to the real pollutants, such as chlorophenols,

and showed a promising performance in their toxicity control.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Water purification technology currently relies heavily on the use
of gravel, sand filters, and chlorine, which tend to be not only
bulky but also expensive because of disposal requirements for
waste filters and possible additional chemical treatment [1,2].
Alternatively, titania photocatalysis from exposure of titania to
ultra-violet (UV) light can be regarded as an appropriate disinfec-
tion method because of titania's strong oxidizing capabilities
[3-6]. In addition, titania is cheap and abundant, chemically stable,
non-photo-degradable, nontoxic, manufacturable at atmospheric
conditions [7,8] and photo-inducible by natural sunlight without
exposure to manmade UV light [9] and thus it is economically
viable and environmentally friendly [10].
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Because photocatalysis is an interfacial phenomenon [11],
purification performance can be maximized when the active
surface-area-to-volume ratio is maximized. The maximization
of the active surface-area-to-volume ratio in turn facilitates
efficient UV irradiance and high quantum yield [12]. The most
obvious way to maximize the surface contact area is to
disperse titania nanoparticles in an aqueous medium inside a
fluidized reactor [13], known as the mobilized mode. However,
this mobilized mode ultimately requires separation of the fine
nanoparticles from the purified water, but this separation is
difficult because fine powders remain in a colloidal state and
do not sufficiently settle, requiring additional equipment [14].

To avoid this technical difficulty, an immobilized mode, such
as the condition created by use of solid membranes (or films), is
often proposed as an alternative [7,8]. Membranes are favorable
because of their simple and low-cost manufacturability. How-
ever, membranes in general are 2D and have reduced active
surface areas and, thus, their photocatalytic efficiency is lower
than those of mobilized modes. A polymer-based nanofiber
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membrane comprised of nanoparticles would possess the
advantages of a 2D membrane and 3D nanoparticles; such a
membrane can be fabricated by installation of electrospraying
and electrospinning.

Electrospun nanofibers can construct 3D-structured water
purification membrane simply by trapping or suspending nano-
particles between nanofibers. By controlling the amounts of
nanoparticles and nanofibers and their morphological struc-
tures, both the photocatalytic surface area and membrane poro-
sity can be optimized. Specifications of the membrane, such as
size, porosity and morphology, can be controlled by control-
ling process parameters like the applied voltage [15-17],
nozzle-to-collector distance [17,18] and material properties
such as polymer concentration [18-20] and solvent evapora-
tion rate [21,22]. Electrospun fiber membranes are used in
tissue engineering [23,24], dye-sensitized solar cells electrodes
[25,26], microarray [27,28], membrane fabrication [29,30],
textiles [31], fuel cells [32] and water purification filters
[33,34]. To the best of our knowledge, only few studies have
investigated the use of nanofibers suspending nanoparticles for
photocatalytic decomposition applications [35]. Lombardi
et al. [35] electrospun polyamide-6 precursor containing titania
and observed the photodegradation of methylene blue. Our
unique installation of electrosprayed titania particles and
electrospun nanofibers distinguishes our work from the pre-
vious effort [35] that did not take full advantage of 3D
suspension of titania nanoparticle (P25); Lombardi et al. [35]
mixed P25 with the polymeric solution and produced electro-
spun nanofibers. We will show that our unique installation
of electrospraying and electrospinning is capable of produ-
cing membranes with significantly superior performance in
photocatalytic decomposition, as compared to the membrane
produced by the previous study [35].

We did not mix P25 with the polymeric solution. Rather, we
deposited nanoparticles and nanofibers separately, making the full
3D suspension of P25 between nanofibers. It should be noted that
the titania nanoparticles were used to induce the UV-driven
photocatalytic activity and nanofibers were used to tightly suspend
the nanoparticles. Two options were presented for this type of
membrane fabrication in which the nanoparticles and nanofibers
were deposited separately: the batch and the continuous process, as
illustrated in Fig. 1. In the batch process, nanoparticles were
initially electrosprayed onto a substrate and then nylon-6 nanofibers
were electrospun on top of P25 to completely shield the
nanoparticles. In the continuous process, nylon-6 nanofibers and
titania nanoparticles were deposited simultaneously by electrospin-
ning and electrospraying, respectively, onto a substrate attached to
a rotating cylinder, making a truly 3D-structured water purification
nanofiber membrane.

We will identify the surface morphologies and characteristics
(such as diameters of nanofibers and nanoparticles) of the
membranes fabricated at various parameter values of this combined
process. The water purification performance of the membranes will
be tested using a methylene blue (MB) solution, which is often
used as a model pollutant as it decomposes by direct oxidation and
due to the OH radicals generated during the photocatalytic process
[36]. The real pollutants, such as chlorophenols, were also used to

show their toxicity reduction after applying the 3D photocatalytic
nanofiber membrane.

2. Experimental

The parameters that are involved in the membrane fabrication
process include nozzle-to-substrate distance (S; and S5), cylinder
rotating speed (Vgrpwm), deposition time (fgep), nozzle diameters,
flowrate (Q; and Q»), applied voltage (V; and V5); see Fig. 1. The
optimal flowrate and voltage are fixed according to the Taylor cone
formation for the given nozzle diameters. The cylinder rotating
speed and the deposition time are set to Vrpyy=300 RPM and
taep="5 min, respectively. Both batch and continuous fabrication
processes are applied separately for membrane fabrication. The
fabricated membranes are tested with MB photodegradation and
the performance of each membrane is compared against the others.
The membrane with the best water purification performance will
be identified. Installation of multiple nozzles of electrospraying and
electrospinning would provide the large scale production environ-
ment. However, we herein focused on the lab scale production of
the membrane with moderately small mass flowrate of TiO, and
nylon-6. It should be noted that our membrane can lose TiO,
particles if the membrane is severely sonicated with the sonication
frequency of 300 Hz or greater. For the water purification tests
considered in this report, the membrane performed well without
losing its structural stability; we did not observe any discernible
TiO, particle detachment.

2.1. Electrospraying

Titania nanoparticles (P25-Daegusa, Germany) are a mixture
of 80% anatase and 20% rutile, which were dispersed in
ethanol solution to facilitate electrospraying. The average size
and specific surface area was 21 nm and 50 m*/g, respectively.
The amount of titania nanoparticles was purposely set low
(~3 wt%) to prevent precipitation and aggregation of the
particles as much as possible. No special dispersant or
surfactant was used. The precursor solution was supplied by
a syringe pump comprising a nozzle with 4 mm diameter and
the flowrate of Q; =1 ml/h. Titania nanoparticles were electro-
sprayed toward the substrate within #4.,=35 min. The high
voltage of V;=7kV was applied to the nozzle to form a
Taylor cone produced atomization.

2.2. Electrospinning

The polymeric precursor for nanofiber production was
prepared by dissolving 15 wt% nylon-6 pellet in formic acid
(Sigma-Aldrich) and stirred vigorously to get homogenous
solution. The precursor was supplied to the nozzle of 0.25 mm
diameter by a syringe pump. The flowrate was Q,=0.1 ml/h
with the standoff distance of S,=6 and 7 cm. The applied
voltage was V,=9kV which produced nylon-6 nano-
fibers deposited onto a soda lime glass substrate (3 x 3 cm?).
The nylon-6 fibers promote the strong adherence of titania
nanoparticles to the substrate, which will be shown in later
sections.
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Fig. 1. Schematic (a) batch process (2D structure) and (b) continuous process (3D structure).

2.3. Batch and continuous processes

Fig. 1(a) and (b) shows the fabrication process of the nanofiber
membranes by the batch and continuous processes, respectively.
The same amounts of nanoparticles and nanofibers are deposited
to give comparable water purification performances.

In the batch process, titania nanoparticles were first depos-
ited onto a substrate and then nanofibers were electrospun to
shield the nanoparticles on top, as illustrated in Fig. 1(a). In
result, this batch process produces a membrane of 2D
structure. Conversely, in the continuous process, as depicted
in Fig. 1(b), the nylon-6 solution was electrospun horizontally
while the ethanol solution containing dispersed titania nano-
particles was electrosprayed vertically toward the glass sub-
strate attached to the cylinder rotating at 300 RPM. The
nozzle-to-substrate standoff distances, S; and S,, are important
process parameters because they determine the morphology
and structure of the membrane.

2.4. Membrane characterizations

The microstructures of the titania suspending nanofiber
membranes were characterized by a high-resolution scanning
electron microscope (SEM, Hitachi S-5000). The average
diameters of the nanoparticles and nanofibers were identified

using SEM images. UV light (0.6 mW/cm?, 365 nm, VILBER
LOURMAT, France) was used to induce the photocatalytic
effect of titania nanoparticles. All membranes were kept inside
a dark box for 24 h prior to any UV light illumination test to
eliminate the remaining photocatalytic effect. The UV light
illumination time was f;y =90 min. All cases were repeated at
least three times to ensure experimental repeatability. Note,
that all of the electrospun in this study were fabricated by
deposition for f4ep =5 min without any further post-treatment.

2.5. Methylene blue photodegradation test

Methylene blue (MB) solution is often used as a model
pollutant as it decomposes by direct oxidation and due to the OH
radicals generated during the photocatalytic process [37]. MB
solution (#M2661, 0.1 wt% solution in water, Samchun Chemi-
cal, Korea) was mixed with deionized water at a 1:200 volume
ratio (5 ppm). The amount of MB solution used for each
photodecomposition test was 1.7 ml. Titania-suspended nanofiber
membranes that had been UV-irradiated for 90 min (wavelength
365 nm, intensity 0.6 mW/cm?) were placed and sealed inside a
Pyrex Petri dish. The concentration of MB inside the vessel was
diluted as photocatalysis proceeded; its concentration was mon-
itored by a UV—vis spectrophotometer (OPTIZEN POP, Mecasys
Co. Ltd., Korea, =190 <1 < 1100 nm). Absorbance data from
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UV-vis spectroscopy was obtained by converting transmittance
data using the Beer—Lambert law [38].

2.6. Toxicity test of chlorophenols

2,4-dichlorophenol (2,4-DCP, >99%) and 2,4,6-trichloro-
phenol (2,4,6-TCP, >98%) were purchased from Sigma-
Aldrich Co. (USA) and used without further purification.
Aqueous solutions (5 x 10~* M) were prepared with deionized
water (DW) with a resistivity of 18.2 MQ cm~ ! (Puris, Esse-
UP Water System; Mirae St Co., Korea). UV irradiation
(A=365nm and /=0.6 mW/cm®) was lasted for 3h. A
TiO,-decorated nanofiber membrane was placed inside an
open Pyrex Petri dish containing the aqueous solution.

Acute toxicity tests were carried out according to the
Organization for Economic Co-operation and Development
(OECD) standard procedure [39] using Daphia magna neo-
nates ( <24 h old). One control and five or more dilutions of
each sample with four replicates were prepared for the toxicity
test, and then five neonates and 10 mL of test solution were
added to each well, respectively. The photoperiod during
testing was 16 h light: 8 h dark and the temperature was
20 +2 °C. Immobility (defined as no response to gentle
agitation for 15 s) was recorded after 48 h. The results were
used to calculate the ECsy values by probit analysis or the
trimmed Spearman-Karber method. ECs, values were trans-
formed to toxic units (TU=100%/ECs,) for comparisons
between samples.

3. Results and discussion
3.1. 2D membrane structure of batch process

Fig. 2 shows the surface morphology of the membrane
fabricated by electrospraying and electrospinning then via the
batch process shown in Fig. 1(a). A 2D titania layer was
deposited onto a glass substrate by electrospraying, during
which the ethanol solvent was quickly evaporated, leaving
only the nanoparticles. The deposition time was short that not
all areas of the substrate were covered by titania nanoparticles.
Then the nanofibers are deposited over the titania layer to
shield the nanoparticles between the substrate and nanofibers.
As a result, this formed a bilayer of nanoparticles and
nanofibers. Though the nanofibers were quite densely depos-
ited, the membrane was gas- and liquid-permeable so the
surrounding medium could cross the nanofiber layer and
become in contact with the titania nanoparticles to be subjected
to the interfacial photocatalytic effect. In Fig. 2, the left lower
corner shows the bilayer while the right upper corner shows
the nanoparticles only. The image of these nanoparticles
without the nanofibers on top was photographed by covering
the right upper corner during the electrospinning deposition.

3.2. 3D membrane structure of continuous process

Fig. 3 shows the surface morphology of the membranes
fabricated by the continuous process shown in Fig. 1(b). In

Fig. 2. SEM image of 2D structure.

Fig. 3, comparison between 3(a) and (b) shows the effect of S
and comparison between 3(a) and (c) shows the effect of S,. It
is apparent that the effect of S| on surface morphology is much
more prominent than that of S,. The size of the agglomerated
particles is clearly larger in 3(b) when S; =4 cm, as opposed to
when S; =2 cm in 3(a). The larger nozzle-to-substrate distance
allows sufficient time for electrosprayed droplets to evaporate.
With sufficient evaporation time under large S;, the droplets
completely evaporate prior to their deposition onto the
substrate, which results in the deposition of dried and severely
agglomerated nanoparticles, as in 3(b). Agglomeration is
undesirable for photocatalytic activity because of reduced
interfacial area of nanoparticles.

In conjunction with Fig. 3, the size distributions of the
nanofibers (left column) and the nanoparticles (right column)
are shown in Fig. 4. Though fiber size is little influenced by S
as shown in Fig. 4 (less than 5%), fiber number density has
decreased when S, changes from 6 cm to 7 cm; compare the
nanofiber size distributions from Fig. 3(a) and (c). The larger
the S,, the less the fiber number. This reduction in the fiber
number is reasoned as follows: at the larger nozzle-to-substrate
distance (S,), the deposition coverage area is also enlarged,
which in turn reduces the number density of nanofibers
because the flowrate of the nylon-6 solution is fixed. This
slight decrease in the fiber number density at larger S, may not
be desirable because the membrane structural stability is
reduced with less number of fibers that are supposed to
suspend the nanoparticles. From Fig. 3(a) and (c) (right
column), the size distribution of agglomerated nanoparticles
is little affected by S,. In summary, S; controls the evaporation
process of the electrosprayed droplets, which subsequently
influences the size and the photocatalytic interfacial area of
titania nanoparticles. S, affects the structural stability because
it controls the fiber number density, whose role is important to
secure firm suspension of nanoparticles.

Fig. 5 shows the X-ray diffraction (XRD) patterns of the
electrospun nylon-6 nanofibers, the raw TiO, particles, and the
TiO,-decorated nanofiber mat. The XRD pattern of the raw
titania powder corresponds to 80% anatase and 20% rutile by
weight, noted with A(101) and R(110), respectively. The peaks
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Fig. 3. SEM image of 3D structure (300 RPM, t4,=5 min, nylon 15 wt%; Q=0.1 ml/h, TiO, 3.0 wt%; Q=1 ml/h) (a) S;=2cm, S,=6 cm ;(b) §;=4 cm,

S>=6cm and (¢c) S;=2cm, S>=7 cm.

at 20=25.24° and 20=27.46° represent anatase and rutile,
respectively [40]. In general, the anatase phase is favorable to
enhance photodegradation activity. Nylon-6 is in an amor-
phous phase, identified with the peaks at 21.3° and 38°
[41,42]. The titania-decorated nanofiber mat which consists
of both TiO, particles and nylon-6 retains most of the peaks
shown in the raw particles, but also contains the amorphous
peak identified in nylon-6. The XRD result indicates that the
original crystal structure of titania and nylon fiber is preserved
after the coating process.

3.3. Methylene blue photodegradation test

Fig. 6 quantitatively and qualitatively compares the photo-
catalytic performances of the various membranes fabricated by
the batch and the continuous process in terms of absorbance
data over a wavelength range 400 — 800 nm under UV light
illumination of #yy=90 min. The greater the intensity of
the transmitted light, the lower the absorbance. A lower absorbance

is indicative of an increased photodegradation of the MB solution.
The highest absorbance peak is observed at A & 664 nm [43] which
decreases as the photocatalytic reaction proceeds for fyy. The peak
is decreased by photo-oxidative N-demethylation of MB [36,44].

At tyy=0 min, the absorbance is the highest because there is
no photo-degradation activity. At fyy=90 min, all of the
membranes are photoactive, thus absorbance is reduced. The
membrane fabricated by the batch process shows the highest
absorbance because of its photocatalytic inefficiency due to the
bilayer of nanoparticles and nanofibers. The bilayer is essen-
tially a 2D structure, which significantly reduces the photo-
active interfacial area of the deposited titania nanoparticles.
The photodegradation performance of the 3D structure (which
takes full advantage of the photoactive area of nanoparticles) is
shown in the membranes fabricated by the continuous process.
It is clear that photodegradation of the MB solution for the
membranes fabricated by the continuous process is superior to
the membranes fabricated by the batch process. For optimal
case Fig. 6(c), the absorbance nears zero and the MB solution
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Fig. 4. The size distributions of the nanofiber (left column) and the nanoparticle (right column) for various S; and S, values.

is nearly transparent due to the strong photocatalytic activity of
the 3D structure membrane.

The left inset in Fig. 6 is a snapshot of the photodegradated
MB solution corresponding to lines 6(a)—(c) in Fig. 6. The far-
left snapshot is the MB solution before photodegradation. The
snapshots Fig. 6(b) and (c) correspond to the photodegradated
MB solution from the batch and continuous processes, respec-
tively. The result in 6(c) has the lowest absorbance or highest
photodegradation performance because of the optimal nozzle-to-
substrate distances (i.e., S; and S,), which yielded the thinnest
nanofibers and the least amount of particle agglomeration.

Table 1 shows the comparison for the photocatalytic
performance of the membranes produced by our method and
the method by Lombardi et al. [35]. As mentioned earlier,
Lombardi et al. electrospun the nylon-6 solution comprising

titania nanoparticles (P25) while our method is based on the
separate deposition of nanoparticles and nanofibers via elec-
trospraying and electrospinning, respectively. The amount of
nanoparticles used in our experiment was 2.4 times less than
that used by Lombardi et al. [35]. The UV light duration was
tuv=90 min, which is smaller than what was used in Ref.
[35], fyv =170 min. Furthermore, the intensity of our UV light
was 83 times smaller than that of Ref. [35]. Nevertheless, the
performance of our membrane (fabricated at S;=2cm and
S1=6 cm) has yielded 99.6% MB decomposition under the
same initial MB concentration of 5 ppm. This demonstrates
the superior photocatalytic performance of the membrane
fabricated by the unique installation of electrospraying and
electrospinning which takes a full advantage of the fully 3D
structure of titania nanoparticles and nanofibers.
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Fig. 6. Absorbance transitions from (a) methylene-blue initial concentration,
(b) 2D structure, and (c) 3D structure. Note that UV light duration was
tyv =90 min.

The change in the MB concentration with the photocatalytic
reaction time was evaluated by C/Cy plot shown in Fig. 7,
where C is the MB concentration varying as a function of the
UV light duration and Cj is the initial MB concentration. To
distinguish the effect of pure adsorption and the actual
photocatalytic activity, we observed the MB concentration
variation without the use of any membrane while increasing
the UV light duration, as shown in Fig. 7(a). Indeed, the
adsorption effect is present because the MB concentration
decreased with increasing fy;y. However, it is also clear that the
adsorption effect cannot further their dilution process after
tyv > 60 min. In addition, the concentration variation is
limited at nearly C/Cy~0.6. Further MB dilution can only
be achieved by the use of our photocatalytic membranes,
which clearly indicates the photocatalytic activity of our
membrane, not just the adsorption phenomenon.

The 2D batch membrane corresponds to case 6(b) from Fig. 6
while the 3D continuous membrane corresponds to case 6(c) of
Fig. 6. The C/C, results clearly show that the membrane fabricated
by the continuous process produced more effective photodegrada-
tion of MB than the batch process. The Langmuir—Hinshelwood

(LH) model has commonly been used to investigate the reaction
kinetics of the photodegradation process. According to the LH
model, kinetics of the photodegradation reaction were compared to
the pseudo-first order reaction In(Cy/C)=ktyyy where, k is the
apparent reaction rate constant [45]. The degradation efficiency D
was calculated using equation 100 x (Cy— C)/C,. Table 2 shows
that the membranes fabricated by the continuous process exhibited
99.6% degradation of MB with the highest rate constant
(60.5 x 1073 min_l) as compared to the membranes fabricated
by the batch process.

3.4. Toxicity test of chlorophenols

Among chlorophenols (CPs), 2,4-DCP and 2,4,6-TCP are
highly toxic and hardly biodegradable [46] making them
difficult to remove from industrial wastewater. Thus, advanced
oxidation processes (AOPs) including Fenton reaction, UV
photocatalysis and ozonation have been widely used in the
treatment of CPs [47,48]. As indicated in Fig. 8, acute toxicity
of 2,4-DCP (5x10"*M) to D. magna was completely
reduced, starting from 2.74 TU to 0.06 TU after the photo-
catalytic irradiation of 3 h. In addition, this photocatalytic
treatment was also effective to remove more toxic pollutant,
2,4,6-TCP (5 x 10-4 M); its toxicity was reduced from 9.85
TU to 2.78 TU. These toxicity reductions suggest that the
TiO,-decorated nanofiber membranes are effective in the
treatment of industrial wastewater containing highly toxic
organic compounds such as chlorophenols.

Ji et al. [48] demonstrated that reactive oxygen species
including superoxide (*O, ) and hydroxyl (*OH) radicals
were involved in the photocatalytic degradation of 2,4,6-TCP,
which leads to dechlorination and mineralization to carbon
dioxide. Gu et al. [49] also reported that 2,4-DCP was removed
by both adsorption and ¢ OH oxidation during the photocata-
lytic degradation process that utilized granular activated carbon
including titania particles. Shim et al. [46] showed that the
oxidative degradation of 2,4-DCP and 2,4,6-TCP by the
gamma-irradiation significantly reduced the acute toxicity of
D. magna. These aforementioned studies support our finding
in that the titania-decorated nanofiber mat photocatalysis is a
promising candidate to remove toxic organic compounds from
industrial wastewater, such as CPs.

4. Conclusions

Batch and continuous deposition processes were introduced in
the membrane fabrication process and their photocatalytic water
purification performances and toxicity control of chlorophenols
were compared and quantified. The membrane fabricated by the
batch process consisted of a bilayer of nanoparticles and nanofibers
while the membrane fabricated by the continuous process
suspended nanoparticles between nanofibers, thereby creating a
fully 3D structure for the maximum photocatalytic performance.
Furthermore, the optimal fabrication process parameters for the
continuous process were identified. The nano-textured materials
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Table 1

Comparison for the photocatalytic performance of the present method and that of Lombardi et al. [35].

Present work

Lombardi et al. [35]

Deposition method

Amount of P25 nanoparticle used
Nanofiber diameter (nylon 6)

UV irradiation (duration/intensity/distance)
MB decomposition (initial conc., 5 ppm)

100.2~104.5 nm

Separate installation of electrospraying
P25 nanoparticles and electrospinning nylon-6
0.0025 ml (=1 ml/h x 5 min x 3 wt%)

90 min 0.6 mW/cm? 20 cm
~99.6% (Water solution)

Electrospinning nylon-6 solution containing
P25 nanoparticles (F10T case)

0.0030 ml (=0.12 ml/h x 15 min x 10 wt%)
245~278 nm

170 min 50 mW/cm? 15 cm

80% (Ethanol solution)

1.0

0.8 1

0.6 1

CIC,

0.4 A

0.2 1

0.0 1
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Fig. 7. (a) Blank adsorption test of the 3D membrane. Photocatalytic
degradation of MB as a function of UV time by (b) 2D (batch process) and
(c) 3D (continuous process) structure membranes. The 2D batch membrane
corresponds to the case (b) from Fig. 6 and while the 3D continuous membrane
corresponds to the case (c) of Fig. 6.

Table 2
Reaction parameters of photocatalysis for mats fabricated by batch and
continuous process.

Mats k [min~'x 1077 D [%]
Batch process 12.0 65.48
Continuous process 58.0 99.6
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Fig. 8. Change in 48 h acute toxicity of 2,4-DCP and 2,4,6-TCP aqueous
solution (5 x 10~* M) to D. magna by photocatalytic treatment.

developed in this work can find practical and economical
applications in water purification technology because of their
simple and rapid fabrication process.
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