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Most water resources today are contaminated for various reasons. Examples
are dyes that pollute aquatic systems and threaten the environment. To
overcome this problem, photocatalytic decomposition is a prominent method
for eradicating hazardous dyes from water. The hydrothermal synthesis of TiO,
nanotubes and nanofibers and their subsequent utility in degrading Reactive
Black (RB) 5 dye is of great interest, and the resulting nanomaterials have been
characterized and validated via various techniques: ultraviolet visible (UV-Vis)
spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy
(SEM) with energy dispersive analysis (EDAX). Polysulfone (PSF) composite
membranes lodged with synthesized nanomaterials were tested for the
degradation of RB 5 dye. As a result, dye degradation of 89.8% and 80.2% was
achieved with the TiO2 nanofibers and TiO2 nanotubes, respectively. When the
nanomaterials were allowed to act upon the dye solution alone, the TiO;
nanofibers degraded up to 48.7%, whereas the TiO; nanotubes degraded up to
18.6% because the strength of the nanomaterials was not enough for dye
decomposition. This study reports on the synthesis and characterization of
nanomaterials, as well as their combination for an enhanced dye degradation
process.

1. Introduction

Synthetic dyes have various applications. At the
same time, they pollute the environment by

contaminating water

bodies. The release of

industry has negative impacts and consequences
on human health and the environment [1]. Due to
improper monitoring of industrial release, estuaries
in China and African countries have faced many
hazardous effects [2]. Among the pollutants that

wastewater containing dyes from the textile
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harm the environment, wastewater containing
dyes is one of the prime polluters [3]. Hence,
numerous experiments and studies have been
conducted to remove or separate dyes from
wastewater and treat them effectively [4-6]. In
particular, organic and inorganic contaminants
have been removed from water using biochar [7],
cyclodextrin polyurethanes [81,
biosorbents [9], among others. Another approach
is the use of membrane technology for treating

seaweed

wastewater.

Membrane technology is one of the emerging
technologies that is continually evolving, with its
applications to address the
phenomenon of separation. However, the basic
principle remains the same, even though the
material characteristics apparently differ [10].
Membranes aid in the degradation of various dyes
of commercial importance that are harmful when
they are exposed to the human body. Polyaniline
(PANI), polysulfone (PSF), and polyvinylpyrrolidone
(PVP) membranes have been highly attractive
because of their exciting polymeric structures [11].
PSF/TiO; hollow fiber membranes synthesized by
Hamid et al. resulted in significant dye rejection in
the removal of Humic acid [12].

The sharp characteristics and properties of PSF
membranes, such as high chemical and thermal
resistance with remarkable mechanical affinity,
make them promising materials for research in
membrane technology.

In addition, they are readily available, processed

use in various

efficiently, and less expensive. However, various
attempts have been made to develop methods to
increase the hydrophilicity and porosity of the
surface in the blending of polymers, their grafts,
etc. [13]. Isloor et al. worked on various membrane-
related topics, such as derivatives of
chitosan[14,15], TiO; [16], and
polyamides [17] with PSF membranes, and the
outcome significantly improved with increased
performance.

Oily wastewater treatment is equally important as
that of contaminant dye from the
industrial have been

nanotubes

removal

release. Several studies
conducted on the removal of oily contaminants
using various photocatalysts, such as BiVO4 [18],

BiVO./rGO and BiVO4/g-CsNs [19], Bi,WO, [20],

and TiO2/y-Al2O3 [21,22], embedded with ceramic
membranes.

Sneha et al. developed CaCOs and TiO;
nanoparticles and embedded PSF membranes for
the photocatalytic degradation of RB 5 dye where

the direct incorporation of the nanoparticles

yielded significant results [23]. In contrast,
Coprinus cinereus peroxidase was used to optimize
RB 5 [24].

The substantial improvement in membrane
permeability with the use of nanocomposite
membranes has successfully attracted much
interest [25]. Seema et al. used humic acid-based
biopolymeric membranes to effectively degrade
methylene blue and rhodamine B [26]. Razmjou et
al.  incorporated TiO, nanoparticles into
polyethersulfone composite membranes, studied
their performance, and reported efficient thermal
resistance [27]. Photocatalytic reactions have been
used to remove bilge organic pollutants using TiO;
[28]. Even the advanced photooxidation factors of
photocatalytic reactions are useful in hybrid
processes [29]. However, TiO, has been proven to
be an excellent photocatalyst because of its ability
to exhibit high photooxidation and recovery [30].

Polymeric membranes have been used for water
purification and are highly necessary, as water
sources are at risk of depletion in nature [31-33].
Among them, polysulfone-functionalized
membranes are used in wastewater treatment
due to their

mechanical, and thermal properties [34]. In this

protocols, prominent chemical,
context, the goal of the study was to synthesize
TiO2
investigate the photocatalytic degradation of RB 5
with and without PSF membranes.

nanotubes, as well as nanofibers, and

2. Materials and methods
2.1. TiOz nanotubes: Synthesis

Four grams of coexisted TiO, powders (mixture of
Anatase and Rutile) were mixed with 60 ml of aq.
NaOH (10 mol/dm?) solution in a Teflon
hydrothermal autoclave at 110 °C for 18 h. The alkali
treatment on the powders was performed and
rinsed with distilled water. The HCI solution (0.1
mol/dm?) and distilled water were used for further
rinsing until the pH level of 7 was attained. The
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resulting white colored sample was dried at 70 °C
for 6 h [35].

2.2. TiOz nanofibers: Synthesis

0.20 g of Anatase - TiO, powder was transferred
into a Teflon hydrothermal autoclave, and it was
filled with 1M aq. NaOH solution up to three-
quarters of its holding capacity. It was then
regulated in a muffle furnace at 150 °C for 20 h
[36].

2.3. TiO2
photocatalytic degradation of RB 5 dye

nanotubes and nanofibers for the

The RB 5 dye solution was first prepared by taking
10 mg of the RB 5 dye in distilled water (1000 mL).
TiO2 nanotubes (150 mg) were added to the 10 ppm
RB 5 (300 mL) dye solution. The structure of RB 5 is
provided in Figure 1 [37].

Probe sonication of this solution was run for 20
minutes and transferred to the photocatalytic
reactor for the photocatalytic reaction with the
irradiation of UV light, and at regular intervals of 15
min.

Samples were collected until dye degradation was
observed. The collected samples were centrifuged
at 3000 rpm for 20 min. The supernatant samples
were separated and subjected to UV-Visible
spectroscopic analysis.

A similar process was undertaken using TiO;
nanofibers. The extent of photodegradation was
analyzed using UV-Visible spectroscopy. However,
dark
conditions, there was no observable degradation of

when conducting control studies in
the dye, and the results were similar to those of the

RB 5 feed solution.

NaO,S SO;Na
T g
NH, OH
2 s

\
NaO5S., O/\/s\\o y

Fig. 1. Chemical Structure of Reactive Black 5

2.4. Preparation of TiO2 nanotubes and nanofibers
embedded PSF composite membranes

In-house synthesized 0.02 g of titanium dioxide
nanotubes were added to a beaker containing 7.65
mL of N-Methylpyrrolidone (NMP) and sonicated

for 30 min to achieve a homogenous distribution of
the solution. Then, 2 g of PSF and 0.1 g of
Polyvinylpyrrolidone (PVP)
solution with constant stirring at 350 rpm at 55 °C
for 24 h. The casting of the dope solution on the
membrane caster was done carefully, and the
resultant membrane was placed in the coagulation
bath for 24 h [38].
A similar process
preparation of the TiO, nanofiber embedded PSF
composite membrane. Using these fabricated
membranes, the photocatalytic degradation of RB
5 dye was conducted.

were added to the

was undertaken for the

2.5. Characterization of synthesized TiO2;nanotubes
and nanofibers

The synthesized TiO2 nanotubes and nanofibers
were characterized by XRD studies using Rigaku
Miniflex (5*" generation).

The crystal structure of these nanomaterials was
studied by the diffraction peaks obtained from this
analysis. SEM analysis was carried out with ZEISS
EVO MAI18. The elemental composition of the
surface of these nanomaterials was studied using
an Oxford EDS (X-act) instrument.

The RB 5 dye was degraded photocatalytically using
a photocatalytic reactor with a 125-250W UV-
Visible tunable lamp. All the
exposed to UV light for 90 minutes. The samples
were collected every 30 minutes.

reactions were

2.6. Contact angle measurement

To determine the membrane hydrophilicity,
contact angle measurement was taken using a
Kruss drop shape analyzer DS-100 instrument.
Using the sessile droplet technique, 2.0 pL water
droplet was placed on the dried TiO2 nanotubes-PSF
membrane.

The water contact angle was measured between
the membrane surface under the water droplet and
the tangent line at the edge of the water droplet
where it touched the membrane surface.

3. Results and discussion
3.1. XRD analysis

The insights into the crystallographic structure of
the synthesized TiO; nanotubes were obtained from
the X-ray diffraction patterns. The diffracted peaks
for both Rutile and Anatase forms are depicted in
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Figure 2. The peaks at (011), (110), (004), (200),
(020), (211), (024), and (221) crystal planes
corresponded to the nanotubes. The 26 peaks at
27.24°, 41.18°, 54.12°, and 68.82° confirmed the
rutile structure, whereas those at 25.18°, 37.74°,
47.92°, and 62.58° anatase
structure. The crystallographic structure of the
synthesized TiO; nanofibers from the XRD pattern
is depicted in Figure 3. The peaks at (011), (044),
(020), (121), (024), and (220) crystal planes
correspond to the nanofibers. The anatase
structure was confirmed by the obtained 26 peaks
at 25.02°, 37.52°, 47.74°, 54.78°, 62.52°, and 69.98.

confirmed the

A - Anatase
700 R - Rutile

600

O11) A

500

400

(110 R

300 +

(020) A
@I)R

200

100

Intensity (counts per second)

0 10 20 30 40 50 60 70 80 90
2-theta (degree)

Fig. 2. X-ray diffraction pattern of TiO2 nanotubes
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Fig. 3. X-ray diffraction pattern of TiO; nanofibers
3.2. SEM and EDAX analysis

The shape and morphology of the nanotubes and
nanofibers were studied using the SEM micrographs
captured at 35,000x magnification with a working
distance of 7.5 mm.

From the SEM micrographs, it was evident that the
nanotubes and nanofibers were in the nanometer

range. The same has been presented in Figure 4.

Date :29 Dec 2022
Time :11:31:21

EHT = 10.00 kv
WD = 7.8 mm

Signal A = SE1
Mag= 35.00KX

F Y
Signal A = SE1
Mag= 35.00KX

EHT = 10.00 kW
WD = 7.5 mm

Date :29 Dec 2022 ZEIxX]|
Time :11:41:28

Fig.4. b. SEM micrograph of TiO; nanotubes (area 2)

The synthesized nanotubes were subjected to EDAX
analysis for the elemental composition. The EDAX
spectrum showed the presence of Ti and O, as
illustrated in Figure 5. The peaks at 0.45 KeV and
4.56 KeV corresponded to the titanium of the K«
and L« lines, respectively. The peak at 0.6 KeV was
for oxygen. Other than these, there were no other
peaks suggesting that the synthesized nanotubes
were devoid of impurities. The weight percent of
these nanotubes was determined to be 64.38% for
titanium and 35.52% for oxygen.



G. J. Martis et al./ Advances in Environmental Technology 12(1) 2026, 63-75. 67

0 2 4 6 8 10 12 14 16 18 20
Full Scale 176 cts Cursor: 0.000 ke

Fig. 5. EDAX spectrum of TiO2 nanotubes

The SEM pictures of TiO2 nanofibers are presented
in  Figure 6. Subsequently, the elemental

composition of the synthesized nanofibers was
analyzed. The EDAX spectrum showed the presence
of Ti and O, as illustrated in Figure 7.
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Fig. 6.b. SEM micrograph of TiO; Nanofibers (area 2)

EHT =10.00 k/
WD = 7.5 mm

Signal A = SE1
Mag = 3500 KX

The peaks at 0.40 KeV and 4.59 KeV corresponded
to the titanium of the K« and L« lines, respectively.

The peak at 0.57 KeV was for oxygen. Here too, the
nanofibers were devoid of impurities, and the
weight percent determination revealed 59.56% of
titanium and 40.34% of oxygen.

TiO2 nanotubes embedded with PSF membranes
were examined with SEM analysis and the cross-
sectional image of the membrane, as shown in
Figure 8. Finger-like microvoids in the upper layer
and the unsymmetrical with the
macrovoids in the lower layer represent the typical
morphology of the PSF membrane.

structure

(el IOy

y { ]
')

Fig. 8. Cross-sectional SEM micrograph of PSF membrane
embedded with TiO2 nanotubes

3.3. Contact angle measurement

A water contact angle of 74.8° was observed
between the surface of the dried membrane under
the water droplet and the tangent of the periphery
of the water droplet where it meets the membrane
surface, as depicted in Figure 9. This reveals the
hydrophilic nature of the membrane surface,
indicating higher resistance to the hydrophobic
antifoulants.
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74.8 deg

Fig. 9. Water contact angle measurement
3.4. Photocatalytic dye degradation

Photocatalysis is a process that uses light to initiate
and accelerate the reaction.
behind the use of nanomaterials as effective
photocatalysts is that when they are exposed to UV
light, the absorption of photons leads to the
excitation of electrons from the valence band to
the conductance band. Additionally, this process
leads to the formation of electron-hole pairs.

Reactive oxygen species (ROS) are essential for the
photocatalytic decomposition of the dye. They are

The mechanism

0O-
H202 ——
0O-
.50
2 e{\"-a
. ﬁ-o
—
Trapped hole
oxidation

reduction

Absorption

° l Photocatalyst °

formed when excited electrons and hole pairs react
with water and oxygen in the environment. These
ROS could be hydroxyl radicals and superoxide
anions. The plausible photocatalytic mechanism is
illustrated in Figure 10, involving the photo-
reduction of molecular oxygen to superoxide
radical and its disproportionation to hydrogen
peroxide. Likewise, photo-oxidation of the water
molecule to hydrogen peroxide via dimerization of
the hydroxyl radical is noteworthy.

UV-Visible spectroscopic analysis was performed
on the feed solution of 10 ppm RB 5, and samples
were collected at regular intervals of 30 mins.
Figure 11 depicts the photocatalytic decomposition
of RB 5 (10 ppm) with TiO2 nanotubes without a
membrane, represented as TNT WM at 30, 60, and
90 min.

This action was very low in decomposing the dye.
The degradation was only 18.6%, as observed at
595 nm. Figure 12 shows the percentage
degradation of RB 5 dye at intervals of 30, 60, and
90 min, respectively. Figure 13 illustrates the
photocatalytic decomposition of 1.3 ppm RB 5 dye
with TiO2 nanotubes embedded with a PSF
membrane at regular intervals of 30 mins.

oxidation

S 1 H,0,

-OOH

Fig. 10. Plausible mechanism of the photocatalytic reaction for the generation of ROS
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Fig. 11. Effect of TiO2 nanotubes on RB 5 dye degradation
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Fig. 13. Effect of TiO2 nanotubes - PSF membrane on RB
5 dye degradation

When PSF membranes are used, the number of
nanomaterials available for
Moreover,

less.
the nanomaterials present at the
extrinsic part play their role in catalysis. Therefore,
the concentration of the dye solution is reduced to
compare the performance of dye degradation.

Here, significant dye decomposition was found,
i.e., 80.2%, when compared to that with TNT WM.
The high degradation can be accounted for by the
fact that the polymer matrix strengthened the
nanotubes in degrading the dye. The polymeric
membrane provided solid support by acting as a

catalysis is

)

Dye Degradation (%

20 40 60 80 100
Time (min)

Fig. 12. Percentage degradation of RB 5 (10 ppm) with
TiO2 nanotubes. Error bars show standard deviations

TNT
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Fig. 14. Percentage degradation of RB 5 (1.3 ppm) with
TiO2 nanotubes - PSF membrane. Error bars show
standard deviations

scaffold to the nano photocatalysts, enhancing the
reaction rate and photocatalytic reaction.

The cleavage of the dye molecules by ROS on the
surface of the composite membrane is another
factor responsible for the
degradation.

Apart from these, the surface morphology of the
photocatalysts also contributes to the dye
degradation embedded with the PSF membranes.
Figure 14 shows the percentage degradation of RB
5 dye at intervals of 30, 60, and 90 min,
respectively. Figure 15  emphasizes the
photocatalytic decomposition of 10 ppm RB 5 with

enhanced dye
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TiO2 nanofibers without membrane, represented as
TNF WM at 30, 60, and 90 min. The effect was
moderate, i.e., 48.7% of dye degradation was
observed.

In  comparison with the nanotubes, these
nanofibers were quite efficient and a better
photocatalyst. Figure 16 shows the percentage
degradation of RB 5 dye at intervals of 30, 60, and
90 min, respectively.

Figure 17 shows the photocatalytic decomposition
of 1.3 ppm RB 5 dye with TiO, Nanofibers embedded

——RB 5 10 ppm
—— TNF WM 30
0.7 TNF WM 60
—— TNF WM 90
0.6
S o054
&
© 0.4 4
o
c
g 0.3
o
2 o024
<
0.1
0.0
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Wavelength (nm)
Fig. 15. Action of TiO; nanofibers on RB 5 dye

degradation
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——TNF 90

o
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o
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300 400 500 600 700 800 900
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Fig. 17. Action of TiO; nanofibers incorporated PSF
composite membrane on RB 5 dye degradation

Figure 19 and 20 show the extent of 10 ppm RB 5
feed dye degradation at regular intervals of 30 mins

with a PSF membrane at regular intervals of 30
Here, excellent dye decomposition was
found, i.e., 89.8%, when compared to that with
TNF WM. This promising degradation can be
attributed to the fact that the polymer matrix
strengthened the nanotubes in degrading the dye,
as seen in the case of TNT WM. Figure 18 shows the
percentage degradation of RB 5 dye at intervals of
30, 60, and 90 min, respectively.

mins.

Dye Degradation (%)

=}
L

20 40 60 80 100
Time (min)

Fig. 16. Percentage degradation of RB 5 (10 ppm) with
TiO2 nanofibers. Error bars show standard deviations

TNF

100

Dye Degradation (%)

20 40 60 80 100
Time (min)

Fig. 18. Percentage degradation of RB 5 (1.3 ppm) with
TiO2 nanofibers — PSF membrane. Error bars show
standard deviations

conferred by TiO, nanotubes and nanofibers,
respectively.
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Figure 21 and 22 show the extent of 1.3 ppm RB 5
dye degradation at regular intervals of 30 mins
conferred by TiO; nanotubes and nanofibers
embedded with PSF membranes, respectively.

Our previous work [23] demonstrated the
photocatalytic degradation of RB 5 using TiO2 and
CaCOs nanoparticles and their composite PSF

Feed 30min 60min 90 mi
Fig. 19. Photograph of RB 5 Dye (10 ppm) feed and
fractions collected at time intervals of 30 mins 10 in TiO,

nanotubes photocatalysis

membranes, where the results were noteworthy
with respect to the nanoparticles compared to the
membranes.

In this study, the nanomaterials-PSF blend
membranes showed great efficiency in degrading
the RB 5 dye, as demonstrated in the results above.

Fig. 20. Photograph of RB 5 Dye (10 ppm) feed and
fractions collected at time intervals of 30 mins 10 in
TiO2 nanofibers photocatalysis

Fig. 21. Photograph of RB 5 Dye (1.3 ppm) degradation
using TiO2 nanotubes- PSF membrane

Fig. 22. Photograph of RB 5 Dye (1.3 ppm) degradation
using TiO2 nanofibers- PSF membrane

Table 1. A summary of the photocatalytic degradation of the RB 5 dye.

Materials

% of RB 5 dye degradation

TiO2 nanotubes without membrane
TiO2 nanotubes with membrane
TiO2 nanofibers without membrane
TiO, nanofibers with membrane

18.6
80.2
48.7
89.8
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4. Conclusion

The current work emphasizes the synthesis of TiO;
nanotubes, nanofibers,
fabricated with synthesized
nanofibers. The synthesis was confirmed by the
interpretation of XRD and SEM results. UV-Visible
spectroscopic studies showed that TiOz nanofibers
embedded with PSF membranes were the most
effective in decomposing RB 5 dye, followed by TiO;
nanotubes embedded with PSF membranes.
Without TiO2 nanofibers
effective in action, whereas TiO, nanotubes were
weak in breaking the RB 5 dye. The enhancement
of strength in degrading is accounted for by the
polymer matrix, along with the nanofibers and

and PSF membranes
nanotubes and

membranes, were

nanotubes. The industrial effluents containing
remnants of RB 5 dye are toxic and harmful. Thus,
this study is helpful in wunderstanding the
photocatalytic degradation of the RB 5 dye, which
is responsible for various skin-related health
problems, allergic reactions, bronchitis, and even
an increased risk of Therefore,
photocatalytic dye degradation of RB 5 is necessary
and represents an important future perspective
regarding health and the environment.

cancer.
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