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Abstract: In this study, TiO2 nanotubes (TNTs) were fabricated on a Ti sheet following the anodic
oxidation method and were decorated with reduced graphene oxide (RGO), graphene oxide (GO), and
bismuth (Bi) via electrodeposition. The surface morphologies, crystal structures, and compositions
of the catalyst were characterized by field emission scanning electron microscopy, Auger electron
spectroscopy, X-ray diffraction, photoluminance spectra, X-ray photoelectron spectroscopy, and
energy dispersive X-ray spectroscopy. The TNTs loaded with RGO, GO, and Bi were used in a
continuous-flow system as photocatalysts for the degradation of methylene blue (MB) dye. It was
found that the TNTs are efficient photocatalysts for the removal of color from water; upon UV
irradiation on TNTs, the MB removal ratio was ~89%. Moreover, the photocatalytic activities
of the decorated TNTs were higher than that of pristine TNTs in visible light. In comparison
with TNTs, the rate of MB removal in visible light was increased by a factor of 3.4, 3.2, and 2.9
using RGO-TNTs, Bi-TNTs, and GO-TNTs, respectively. The reusability of the catalysts were
investigated, and their quantum efficiencies were also calculated. The cylindrical anodized TNTs
were excellent photocatalysts for the degradation of organic pollutants. Thus, it was concluded
that the continuous-flow photocatalytic reactor comprising TNTs and modified TNTs is suitable for
treating wastewater in textile industries.

Keywords: anodization; modified TiO2 nanotubes; continuous-flow photocatalytic reactor;
organic pollutant

1. Introduction

TiO2 nanotubes (TNTs) synthesized via anodization have generated significant attention in recent
years [1,2] because of their extraordinarily technological importance and improved photoelectric
properties for a wide variety of applications such as solar cells [3], photocatalysis [4], gas sensors [5,6],
water splitting [7,8], and developing functional surface devices [9]. Moreover, TiO2 decorated
with reduced graphene oxide (RGO) [10], graphene oxide (GO) [11,12], and bismuth (Bi) [13] have
been widely investigated owing to their lack of toxicity, high chemical stability, and capability of
photooxidative destruction of most organic pollutants [14].

Bismuth has a good thermal conductivity and electrical resistance. These metallic properties are
mostly important because they result in a high Fermi surface, a low effective mass, and the potential to
induce a semiconductor transition [15]. Bismuth oxide is a p-type semiconducting material that has
conduction band (CB) and valance band (VB) edges of +0.334 and +0.131 (vs. NHE), respectively [16].
Bismuth on the surface of TiO2 can trap photogenerated electrons, therefore reducing the recombination
of electron and hole, and can improve the visible-light photocatalytic activity of TiO2 [17]. Graphene
has attracted attention due to its thermal, mechanical, and electronic properties [18]. Graphene–TiO2

composites have improved efficiency in visible light, enhanced adsorption of contaminants on TiO2

surfaces, and reduced charge recombination [19].
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Various high-efficiency TiO2-based heterogeneous photocatalysts, such as nanoparticles,
nanofibers, nanowires, nanotubes, and nanorods, have been described as exhibiting high prospects for
photocatalysts for the degradation of organic compounds. However, there are several practical
problems that need to be addressed for the photocatalysts to be applied in in-situ wastewater
treatment systems. For example, the use of TiO2-based nano-scale photocatalysts is limited
because removing photocatalysts from the suspension is difficult and incurs additional costs.
Furthermore, nano-structured TiO2 tends to aggregate easily, and suspensions are hard to operate in
continuous-flow systems.

Nevertheless, several efforts have been made to reduce the abovementioned difficulties. Among
various approaches described in previous studies, the immobilization of TiO2 particles on solid
substrates is considered an effective and promising method because of the relative convenience and
simplicity. Although, TiO2 particles immobilized on a solid substrates often show a low surface area.
Moreover, disordered grain boundaries and arrangements discourage the transfer of photon-generated
carriers. Thus, the efficiency of photocatalytic degradation of organic compounds over immobilized
TiO2 particles is insufficient. As compared with immobilized TiO2 particles, TNTs possess a higher
aspect ratio and a larger specific surface area, which suggest the fabrication and design of TNTs
may be a more attractive and fruitful endeavor to achieve the photocatalytic degradation of organic
compounds. In addition, the anodized TNTs can strongly bind to Ti foil, which is convenient for
recycling TiO2 [20–22]. An easy separation of TNTs is preferred for the reuse of the catalyst in the
continuous-flow photocatalytic treatment.

TNTs provide a decent channel for electron transfer and facilitate electron transport in the TiO2

photoelectrode. This is favorable for the light harvesting and transfer of photogenerated carriers.
TNTs serve as flexible, supporting, and stable substrates and are more suitable for the design of
photocatalytic reactors. They are used in a continuous-flow photocatalytic reactor. Therefore, it can
be concluded that TNTs are promising candidates for the photodegradation of organic pollutants in
a continuous-flow system. Thus, we prepared TNTs using the anodization technique and prepared
their composites with RGO, GO, and Bi via electrodeposition. The photocatalytic activities of the TNTs
loaded with RGO, GO, and Bi were explored systematically for degradation of methylene blue (MB) as
a sacrificial agent in a continuous-flow photocatalytic reactor.

We developed a facile photocatalytic reactor composed of UV C and visible light sources.
TNTs, GO-TNTs, RGO-TNTs, and Bi-TNTs were synthesized by the anodization method on Ti foil.
The designed reactor was utilized for the photocatalytic degradation of MB. The degraded samples
were analyzed using a UV-Vis spectrometer. Reusability tests of TNTs were performed to examine
the stability of the photocatalyst, and quantum efficiency of the system was also evaluated. In our
previous studies, we optimized the synthesis of nanomaterials on small lab-scale process (batch reactor:
35 mL capacity). The current study focused on a scale-up process using a continuous-flow reactor
(1500 mL capacity) with a high production of nanomaterials. The continuous-flow reactor was found
to be suitable for treating wastewater effluent in textile industries.

2. Results and Discussion

2.1. Characterization Results

2.1.1. Field Emission Scanning Electron Microscopy

The structures and morphologies of the synthesized TNTs and modified TNTs were examined by
field emission scanning electron microscopy (FESEM). Figure 1a displays the top view of pristine TNTs.
It is evident that cylindrical nanotubes with an average inner diameter of 50–70 nm were formed on Ti
foil by anodization [23]. The nanotube wall thickness was around 6–10 nm. It can be seen from the
FESEM image of GO-TNTs (Figure 1b) that GO was attached on the surface of TiO2. The graphene
sheet was not perfectly smooth, but showing roughness. TiO2 nanotubes can be seen situated below
the graphene sheet. From surface morphology, it was observed that graphene was packed densely
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with TiO2 nanotube surfaces, showing a good composite of graphene–TiO2. RGO can be observed in
Figure 1c with the anodized TiO2 nanotubes. The RGO at some parts is thicker as compared with other
surface areas of the TiO2. Figure 1d displays the FESEM image of Bi-TNTs. Bi was composite on a TiO2

nanotube surface, but some of the surface area of the TiO2 nanotubes was filled by the Bi. RGO and Bi,
as compared with the GO sheet, were not uniformly distributed on the surface of the TiO2.
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2.1.2. X-ray Diffraction

The crystal structures of GO, RGO, TNTs, and modified TNTs were investigated using X-ray
diffraction (XRD) as shown in Figure 1e. The main anatase TiO2 diffraction peaks were located at
25.36◦, 48.13◦, and 55◦, corresponding to (101, (200), and (105) planes, respectively [24]. The rutile
peaks were identified at 37.23◦ and 68.57◦, and main Ti peaks were found at 35.10◦, 41.10◦, 53.98◦,
and 70.92◦. XRD patterns of TNTs revealed that, after annealing at 550 ◦C, most of the Ti was converted
into an anatase crystal structure, and some of it into a rutile crystal structure. The XRD spectra of
RGO-TNTs and GO-TNTs composites showed graphene peaks together with the diffraction peaks of Ti,
rutile, and anatase phases, as two graphene peaks of less intensity were detected at 26.3◦ [25] and 41.1◦

and overlapped with the Ti peak [26,27]. Regarding the XRD patterns of the GO powder, the GO peak
shifted to around 17.1◦, indicating that, after oxidation, the interlayer space increased. Regarding the
RGO powder, due to the reduction, the peak of the GO disappeared, and another peak was observed
at 24.0◦. This may be due to the exfoliation of the layered GO structure [28]. In the XRD patterns of
the Bi-TNTs composite, bismuth was present in a separate phase of bismuth oxide. The main bismuth
peaks were observed at 27.4◦, 47.1◦, and 56.0◦ [17,29,30].

2.1.3. Energy Dispersive X-ray Spectroscopy

The elemental composition of TNTs, GO-TNTs, RGO-TNTs, and Bi-TNTs composites was achieved
using energy dispersive X-ray spectroscopy (EDX) as shown in Figure 2. In EDX spectrum of TNTs
(Figure 2a), Ti and oxygen peaks were detected. In GO-TNTs and RGO-TNTs, carbon peaks were
also observed together with Ti and oxygen peaks as shown in Figure 2b,c, respectively. In the EDX



Catalysts 2018, 8, 43 4 of 13

spectrum of Bi-TNTs (Figure 2d), the deposit was mostly comprised of bismuth [31,32]. These EDX
results correspond to Sections 2.1.4 and 2.1.6.
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Figure 2. EDX spectrum of (a) TNTs, (b) GO-TNTs, (c) RGO-TNTs, and (d) Bi-TNTs composites.

2.1.4. Auger Electron Spectroscopy

Elemental and atomic compositions of the GO, RGO, TNTs, and modified TNTs were determined
by Auger electron spectroscopy (AES), as shown in Figure 3. The AES atomic composition of GO,
RGO, TNTs, and modified TNTs is presented in Table 1. In TNTs and modified TNTs, the atomic
concentration of oxygen was high, because Ti and Bi were mostly converted in oxides. The AES atomic
spectra of GO, RGO, TNTs, and modified TNTs contain Ti, C, Bi, and O peaks (Figure 3a–f). The AES
spectrum of GO and RGO shows C and O peaks as shown in Figure 3a,b, respectively. For TNTs,
Ti peaks were observed together with O and C peaks (Figure 3c). Graphene as carbon peaks can be
seen in the AES spectra of GO-TNTs and RGO-TNTs as shown in Figure 3d,e, respectively, while
Bi-TNTs contain bi peaks (Figure 3f). This can be confirmed from AES results, which show that RGO,
Bi, and GO were effectively composite on the surfaces of anodized TNTs.
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Figure 3. AES spectra of (a) GO, (b) RGO, (c) TNTs, (d) RGO-TNTs, (e) GO-TNTs, and (f)
Bi-TNTs composites.
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Table 1. The elemental analysis of the AES spectrum of GO, RGO, TNTs and modified TNTs.

Element (Atomic %) Ti O C Bi

GO 18.6 81.4
RGO 27.2 72.8
TNT 33.4 62.5 4.1

RGO-TNT 26.0 62.9 11.1
Bi-TNT 12.9 68.9 8.2 10.0

GO-TNT 32.2 62.0 5.8

2.1.5. Photoluminescence Spectroscopy

Photoluminescence (PL) spectra of pure TNTs, GO-TNTs, Bi-TNTs, and RGO-TNTs (Figure 4a)
were obtained to examine their excited states. The emissions were monitored in a single scan mode from
300 to 800 nm. The excitation wavelength was 325 nm using an He–Cd laser. The PL intensities of the
semiconductor materials were affected by the recombination rates of photo-induced electrons (e−) and
holes (h+). A lower PL intensity indicated an improved charge separation of e− and h+ [33]. A lower
PL intensity was examined for the modified TNTs in contrast to that of the pristine TNTs in Figure 4a.
This result could be attributed to the composite of Bi, GO, and RGO with TiO2, since graphene acted
as an e− transportation layer for TiO2 to reduce charge recombination. This reduction enhanced the
charge separation efficiency, which improved the overall efficiency of the photocatalytic process.
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Figure 4. (a) PL spectra; (b) XPS full spectrum of TNTs, RGO-TNTs, Bi-TNTs, and GO-TNTs.

2.1.6. X-ray Photoelectron Spectroscopy

Figure 4b shows the full spectrum of X-ray photoelectron spectroscopy (XPS) of GO, RGO, TNTs,
RGO-TNTs, GO-TNTs, and Bi-TNTs composites. C 1s and O 1s peaks were detected for GO and RGO
samples. C 1s peak at binding energy of 283 eV was assigned to a C–C bond. The O 1s peak at a binding
energy of 530 eV was related to the C–O functional group. TNTs and graphene–TNTs composites
had a Ti 2p peak together with C 1s and O 1s peaks. The Ti 2p peak at a binding energy of 464 eV
corresponded to Ti 2p1/2. Bi 4f peaks were detected at binding energies of 159 eV and 164 eV belonging
to Bi 4f7/2 and Bi 4f5/2 regions, which could be determined as bismuth oxide [34,35]. No Ti–C or Ti–Bi
bonds were detected, which indicates that graphene and Bi elements did not enter the TiO2 lattice.
According to XPS analysis, the fabricated catalysts were composites.
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2.2. Photocatalytic Degradation in Continuous-Flow Treatment

2.2.1. Photocatalytic Degradation under UV C Light

To estimate the photocatalytic degradation of MB dye using TNTs and composites,
a continuous-flow test was carried out. Figure 5 displays the photodegradation rate of MB dye
over TNTs, UV C, and TNTs + UV C light. Before the start of the experiment, the catalyst was
placed in the dark for 20 min to achieve sufficient adsorption. Almost no MB degradation was
found when the experiment was performed using only TNTs (in the dark). This control experiment
proved that TiO2 requires a light source for its activation to degrade the pollutant. Almost 12% MB
degradation was observed when the experiment was performed using only UV C light (without TNTs).
For continuous-flow treatment using TNTs + UV C light, the extent of MB degradation was 89% at a
hydraulic retention time (HRT) of 150 min.
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Figure 5. Photocatalytic degradation of MB dye in a continuous-flow experiment over TNTs, UV C,
and TNTs + UV C: (a) C/C0 and (b) ln(C/C0).

2.2.2. Photocatalytic Degradation under Visible Light

The degradation of MB was also evaluated using TNTs and modified TNTs under visible light
using a continuous-flow photocatalytic reactor. Figure 6 shows the degradation rate of the MB dye
over Vis light, TNTs + Vis light, RGO-TNTs + Vis light, Bi-TNTs + Vis light, and GO-TNTs + Vis light at
an HRT of 150 min. Before the start of the experiment, the catalyst was placed in a dark solution for
20 min to achieve sufficient adsorption. Graphene–TiO2 composites show MB dye adsorption up to
10%, as in previous studies it was observed that graphene metal oxide compounds can adsorb dyes
before any photocatalytic degradation [36,37]. The synergic effect of dye adsorption on photocatalytic
activity of graphene–TiO2 composites is due to the strong π connection of graphene surface [38].
Almost no MB degradation was observed when the experiment was performed using only visible light
(without TNTs). The MB degradation rates achieved by using TNT + Vis light, RGO-TNTs + Vis light,
Bi-TNTs + Vis light, and GO-TNTs + Vis light were 9%, 31%, 29%, and 26%, respectively. In comparison
with pristine TNTs under visible light, the degradation of MB increased by a factor of 3.4, 3.2, and 2.9
using RGO-TNTs, Bi-TNTs, and GO-TNTs, respectively.

The first order reaction rate constants were estimated using Equation (1):

ln(C/C0) = −k t (1)

where C is the concentration of MB dye at a specific time, C0 is the initial MB dye concentration, k is
the pseudo first order reaction rate constant (h−1), and t is the reaction time (h). Table 2 displays a
summary of first order reaction rate constant k values and R2 values. The continuous-flow experiments
for TNTs + UV C light gave a reaction rate constant of 0.893 h−1. The continuous-flow experiments
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using RGO-TNTs + Vis light had the highest reaction rate constant (0.146 h−1) compared to other
catalysts employed under the same conditions.

Table 2. First order rate constants k and the R2 values.

Continuous Process Rate Constant k (h−1) R2

TNT 0.014 0.759
UV C 0.050 0.861

TNTs + UV C 0.893 0.966
Vis light 0.011 0.809

TNTs + Vis light 0.039 0.953
RGO-TNTs + Vis light 0.146 0.977

Bi-TNTs + Vis light 0.139 0.981
GO-TNTs + Vis light 0.121 0.982
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Figure 6. Photocatalytic degradation of MB dye in a continuous-flow reactor over Vis light, TNTs + Vis
light, RGO-TNTs + Vis light, Bi-TNTs + Vis light, and GO-TNTs + Vis light: (a) C/C0 and (b) ln(C/C0).

The higher visible light photocatalytic efficiency of the modified TNTs may be due to the following.
The RGO-, Bi-, and GO-TNT composites reduce the band gap and increase the absorption of TiO2

under visible light irradiation [39,40]. In GO-TNT and RGO-TNT catalysts, graphene acts as an e−

transporting layer for CB of TiO2 and reduces charge recombination. In the Bi-TNT catalyst, the Bi
composite on the surface of TiO2 can trap photo-generated electrons; as Bi has a positive charge on
its surface, it can capture and immobilize electrons and thereby reduce the recombination of e− and
h+ [41]. This process promotes the formation of OH radicals and superoxides. Studies have revealed
that the self-organized photocatalytic system of TNTs can efficiently degrade the MB dye. Hence,
a continuous-flow reactor based on a TNT photocatalyst is suitable for treating wastewater effluent in
textile industries.

2.3. Reusability Test

The recycling of TNTs + UV C and RGO-TNTs + Vis light was performed to examine the
stability of the catalysts (Figure 7). Recycling experimental conditions were the same as those for
the continuous-flow experiment. After each cycle, the catalyst was washed in DI water and dried to
remove any deposits from the surface. Recycling results indicated that the both catalysts were stable
for five catalytic cycles. The MB degradation efficiency dropped to only 5% and 4% for TNTs + UV C
and RGO-TNTs + Vis light, respectively. Furthermore, TNTs + UV C showed a higher MB removal
efficiency because of the use of UV C light. We are working on enhancing the photocatalytic activity of
the continuous-flow system under visible light.
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Figure 7. Recycling of TNTs + UV C and RGO-TNTs + Vis light in a continuous-flow experiment.

2.4. Calculation of Quantum Efficiencies

In a photocatalytic system, the quantum efficiency can be defined as the ratio of the number of
pollutant molecules degraded during a given time t to the total number of photons absorbed by the
catalyst to be activated [42]. The quantum efficiencies of the photocatalytic reactor with TNTs + UV C
and RGO-TNTs + Vis lights were calculated separately, as shown in Table 3. The quantum efficiency
of the reactors with TNTs + UV C and RGO-TNTs + Vis lights were 9.11 × 10–5 and 3.22 × 10–5 MB
molecule photon−1, respectively. The quantum efficiency of this system is low compared with those of
other studies [43], so we are working on improving the quantum efficiency of the continuous-flow
system. In this study, we scaled up the process using a continuous-flow mode for the treatment of
industrial wastewater with a high production of nanomaterials. In future work (which is in progress),
we will take cost calculations into account.

Table 3. Calculation of quantum efficiency of the photocatalytic reactor using UV C and visible lamp.

Detail Unit TNTs + UV C RGO-TNTs + Vis

Step 1: Degraded MB Molecules Calculation

MB solution L 2 2
MB concentration g L−1 0.005 0.005

MB weight in solution g 0.01 0.01
MB molecular weight g mol−1 319.85 319.85

No. of MB moles in a solution mol 3.13 × 10–5 3.13 × 10–5

No. of MB molecules in a mole molecules mol−1 6.02 × 1023 6.02 × 1023

Total no. of MB molecules molecules 1.88 × 1019 1.88 × 1019

MB degradation in reactor % 89 31
No. of degraded MB molecules molecules 1.68 × 1019 5.84 × 1018

Step 2: Photon Energy Calculation

h is Planck constant J s 6.63 × 10–34 6.63 × 10–34

c is speed of light m s−1 3.00 × 108 3.00 × 108

λ is wavelength m 2.54 × 10–7 5.00 × 10–7

Photon energy (hc/λ) J 7.83 × 10–19 3.98 × 10–19

Lamp power J s−1 16 8
Photons/second photon s−1 2.04 × 1019 2.01 × 1019

Irradiation time s 9000 9000
Total no. of photons photon 1.84 × 1023 1.81 × 1023

Quantum efficiency MB molecule
photon−1 9.11 × 10–5 3.22 × 10–5
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3. Materials and Methods

3.1. Chemicals and Materials

All chemical reagents were used without further purification and purchased from commercial
sources. Ti foil (purity 99.5%, size 4 × 5 cm2, and thickness 0.25 mm) was obtained from Ti-Shop.com,
London, UK. Graphite powder (99.99%) was purchased from Alfa Aesar, Seoul, Korea. Bismuth
nitrate (98.0%), ethylene glycol (94.5%), sodium nitrate (>99.0%), hydrazine monohydrate (>80.0%),
and sulfuric acid (98.1%) were purchased from Daejung Chemicals & Metal Co. Ltd., Shiheung, Korea.
Ammonium fluoride (97.0%) was purchased from Junsei Chemical Co. Ltd., Tokyo, Japan.

3.2. Synthesis of the Catalysts

3.2.1. Synthesis of GO and RGO

GO was made using modified Hummer’s method [44]. Initially, graphite powder (1 g), sodium
nitrate (0.5 g), and sulfuric acid (25 mL) were stirred together for 1 h. Then, potassium permanganate
(3 g) was added and stirred further for 10 h at 40 ◦C. The brown-colored GO solution was obtained and
washed five times with hydrochloric acid (1 M) and deionized (DI) water, and subsequently vacuum
dried at 60 ◦C. To prepare RGO, DI water (100 mL) and GO powder (0.1 g) were sonicated. Hydrazine
monohydrate (1 mL) was then added, and the mixture was dried at 100 ◦C for 10 h. The obtained RGO
was washed in DI water and vacuum-dried at 50 ◦C.

3.2.2. Synthesis of GO-TNT

The one-step synthesis of GO-TNTs was performed as described in our previous work [45]. For all
experiments, as an initial step, Ti foil was sonicated (for 10 min each) in acetone, ethanol, and DI water
to remove impurities and then dried in N2. The electrolyte solution was prepared from ethylene glycol
(EG) (94 wt %), DI water (5 wt %) together with ammonium fluoride (1 wt %), and GO (0.25 g L−1).
For all experiments, Ti foil was used as the working electrode (anode), and a platinum mesh was
used as the counter electrode (cathode) at a distance of 2 cm. Anodization was performed at 48 V
for 2 h using an N6702A power supply (Agilent Technologies, Madrid, Spain), as shown in Figure 8.
After anodization, Ti foil was rinsed using DI water and dried in N2. In order to enhance the crystalline
structure of TiO2, annealing was achieved at 550 ◦C for 90 min in a furnace for all experiments.
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3.2.3. Synthesis of RGO-TNT

The one-step fabrication of RGO-TNTs was performed as described in our previous work [46].
The electrolyte solution was EG (94 wt %), DI water (5 wt %), and NH4F (1 wt %) with 0.5 g L−1 of
RGO. Anodization was achieved at 48 V for 2 h. After anodization, the Ti foil was rinsed in DI water
and dried using N2. Annealing was performed at 550 ◦C for 90 min.

3.2.4. Synthesis of Bi-TNT

The one-step fabrication of Bi-TNTs was achieved in accordance with our previous report [47].
An electrolyte comprised of EG, NH4F, DI water, and 1 wt % bismuth nitrate was utilized for this
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purpose. Anodization was achieved at a voltage of 40 V for 2 h. After anodization, the Ti foil was
washed using DI water and dried in N2. Annealing was performed at 550 ◦C for 90 min.

3.3. Characterization

The surface morphologies of the catalysts were studied by FE-SEM, Sigma, Carl Zeiss Co.,
Oberkochen, Germany. The crystal structure was examined by XRD, D8-Advance, Bruker-AXS Co.,
Karlsruhe, Germany. The elemental analyses were performed using AES 700, PHI 700 xi (Physical
Electronics, Inc., Chanhassen, MN, USA). The excited state of catalyst was evaluated by Micro Confocal
PL, Mono Ra 750i (DongWoo Optron Co., Ltd., Gwangju, South Korea). The examination of chemical
composition of the composites were determined with EDX, Noran System 7, Thermo Scientific,
Waltham, MA, USA, and XPS, Thermo Fisher Scientific Co., Bartlesville, OK, USA.

3.4. Continuous-Flow Photocatalytic Experiment

In order to examine the photocatalytic degradation of MB solution by TNTs and modified
TNTs, a continuous-flow photocatalytic reactor was designed on a laboratory scale, as shown in
Figure 9. The light sources were a UV C fluorescent lamp (16 W, λ = 254 nm, Philips Co., Amsterdam,
The Netherlands) and a visible fluorescent lamp (8 W, λ = 420–700 nm, Philips Co., Amsterdam,
The Netherlands). The lamps were immersed in the solution at the center of the reactor. The description
of the continuous-flow photocatalytic reactor is given in Table 4. The size of TNTs film was 4 × 5 cm2

and a total of 10 TNTs films were used for each experiment. An initial concentration of 5 mg L−1 with
2.0 L of MB solution was used for each experiment. The MB solution was pumped into the photoreactor
using an external pump with a flow rate of 10 mL min−1 and the HRT was 150 min. The continuous
mixing of solution in a reactor was performed using a magnetic stirrer. The photocatalytic reaction of
the TNTs was performed at 25–28 ◦C. Initially to achieve sufficient adsorption, the experiments were
achieved in the dark for 20 min, and then light irradiation was switched on for 150 min. Ten milliliters
of the treated solution was withdrawn at every sampling time for analysis. The amount of MB dye
degradation was determined at a wavelength of 664 nm by a UV-Vis spectrophotometer (HACH,
DR3900, HACH, Loveland, CO, USA).
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Table 4. Description of the continuous-flow photocatalytic reactor.

Detail Value

Reactor length 9 cm
Reactor height 30 cm
Reactor width 9 cm

Reactor wall thickness 0.5 cm
Reactor effective volume 1500 mL

Reactor material Acrylic
Pipe diameter 0.5 cm

Lamp diameter 2 cm
Lamp length 18 cm

4. Conclusions

In this work, a continuous-flow photocatalytic reactor was designed for treating colored
wastewater. TNTs and TNTs modified with RGO, Bi, and GO were synthesized by anodization.
Application of TNTs in a continuous-flow reactor under UV C light showed 89% degradation of MB at
an HRT of 150 min. As compared to pristine TNTs in visible light, the degradation of MB was increased
by a factor of 3.4, 3.2, and 2.9 by RGO-TNTs, Bi-TNTs, and GO-TNTs, respectively. Recycling results
of the TNTs indicated that the catalysts were stable for five cycles. The quantum efficiencies of the
UV C TNTs and visible RGO-TNTs systems were 9.11 × 10–5 and 3.22 × 10–5 MB molecules photon−1,
respectively. The continuous-flow photocatalytic reactor was thus demonstrated to be suitable for
treating wastewater in textile industries.
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