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A B S T R A C T

Although nanotube is among the most effective morphology of Titania due to its unilateral pathway for photo-
generated charge transfer and mechanical stability, its performance is still hampered by high recombination. In
the present study, to further improve the photocatalytic degradation performance of Titania, univalent elements
of H and Na were respectively ion-exchanged into the Titania nanotubes (TNTs). The photocatalyst was char-
acterized using XRD, TEM, ICP-AES, and FTIR. The modified samples displayed enhanced photocatalytic degra-
dation performance over Degussa TiO2 under UV-A light illumination of MB. The rate constants of NaTNT and
HTNT were 16 and 13 times that of Degussa TiO2. Specifically, the Na-TNTs showed better photocatalytic
degradation activity than H-TNTs with a rate constant of 0.12 min�1 while the latter showed 0.09 min�1. The
optimum adsorption and photocatalytic performance of NaTNT were determined at pH 6 achieving about 99%
MB removal within 10 min of irradiation. The ion exchange NaTNT displayed excellent reusability after the fifth
cycle of the photocatalytic tests and superoxide radicals were experimentally determined to be the main reactive
oxygen species involved in the photocatalytic degradation of MB.
1. Introduction

Clean water is progressively scarce owing to increased pollution of
the existing water sources particularly due to discharge of various con-
taminants [1]. Pollution is one of global environmental issues caused by
hazardous substances. Common sources of environmental degradation
include mining, smelting, textile industry and electronic waste disposal,
and agricultural activities (pesticides and fertilisers) [2]. Dyes are
organic contaminants which when released into the environment have
potential to endanger both living organisms on land and under water [3].
Various organic contaminants such as pharmaceutical [2, 4], plastic,
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textile [5], paint [6], fungicide [7] and cosmetic are being discharged
directly from the manufacturers into the source of water bodies [2, 5].
The release of organic pollutants and other carcinogenic petrochemicals
have been a great concern among chemical engineers and environmen-
talists [5, 7]. Pollutants released from industrial wastewater are a crucial
environmental concern with grave consequences on humans, environ-
ment and economic prospects [5, 8].

The removal of dye from contaminated waters is an essential task to
safeguard the ecosystems and humans towards realization of eco-
friendliness and sustainability of the environment [9]. The chemical
compositions of most of the existing dyes are somewhat complicated and
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this makes them defiant to aerobic digestion and, however, they are so
stable when subjected to light, oxidising agents and heat [10]. Methylene
blue (MB) is one of the commonly used dyes for dyeing cotton, silk, and
wood [9, 10]. A high concentration of the dye in the water bodies has
been related to the wastewater emitted from major manufacturing in-
dustries [10]. MB is a cationic dye exhibiting various uses in dyeing in-
dustries [11]. These advancements signify that the existence of dyes in
the water bodies is undesirable, obnoxious and detrimental to human
health together with flora and fauna [12].

Therefore, there is need to develop environmental remediation
technology to eliminate these hazardous materials [9, 10, 13, 14].
Different methods such as heterogeneous catalytic oxidation with H2O2
[15], heterogeneous photocatalytic process [16], electrochemical
oxidation [17], Fenton/photo-Fenton oxidation [16, 17], ozonation [18],
biodegradation [19], chlorination [20, 21], combined floccu-
lation/coagulation [22], adsorption [4, 8], reverse osmosis [23] and
UV/H2O2 treatment can be used to obliterate organic pollutants [24].

Currently, among the advanced oxidation processes (AOPs), photo-
catalysis reactions is a promising and one of the suitable techniques for
the clean-up from textile wastewater discharge due to their efficiency
[5], low maintenance [17] and long-term applicability [3]. The treat-
ment of pollutants is done with the aid of sunlight for the decomposition
of organic contaminants [3, 16]. The key to the exploitation of photo-
catalytic technology is efficient utilisation of photocatalytic materials [3,
16, 17]. The photodegradation processes become more cost-effective if
sunlight is consumed instead of ultraviolet light [16]. Degradation of
organic pollutants has also produced great importance for its potential to
remove the hazardous chemical substances present in water [3, 17].

During photocatalytic reaction, electron hole pairs are generated as a
result of semiconductor being exposed to light radiation [16]. During this
process electrons move the region of conduction band (CB) and this result
to the formation of hole in the region of valence band (VB) through
oxidation and reduction process. Consequently, photocatalytic material
needs to be photoactive in order to attract the required solar radiation,
stable, harmless and cost-effective [3]. In the last few decades, TiO2 has
been employed as exceptional photocatalytic materials because of its
strong oxidising power, long term thermodynamic constancy and rela-
tively eco-benign in nature [25, 26]. Nevertheless, owing to huge band
gap of TiO2, it expected that ultraviolet light invigorating the photo-
catalytic material in the process [27]. It was established that the
remarkable high surface area-to-volume ratio of titania (TiO2) nanotubes
enhances their absorption characteristic feature and capacity to drive
electrochemical reactions [28].

Crystalline forms of TiO2 are brookite, anatase and rutile. Among
these three phases, anatase has been proven to gaining attention owing to
its high photoactivity potential [27, 29, 30]. Alkali-based modifications
on TiO2 encourage electron transfer resulting in better electron-hole
separation [29, 30]. Nanotube derived materials such as titanium diox-
ide (TiO2) nanotubes (TNTs) are incomparable promising nanomaterials
for research and have been reportedly employed in numerous applica-
tions such as photocatalytic systems, also in sensing application for pH
and gases and as an efficient instrument for the environmental applica-
tion [31, 32].

In the past few years, various techniques have been applied to
improve the photocatalytic approach of titanium dioxide for the treat-
ment of water and wastewater such as doping or co-doping with metal
[33, 34], or non-metal [33, 35, 36].

Among the various treatment technologies suitable for wastewater,
photocatalytic reaction as a heterogeneous advanced oxidationmethod is
considered viable, economical, and in many cases ecological compatible
for the elimination of hazardous contaminants or lowering them to
acceptable and recommended concentration before wastewater
discharge is released into the environment [3, 16]. For instance, the high
efficiency of photocatalytic technique applied for the in the degradation
of organic contaminants in contaminated water [3]. Photocatalytic sys-
tem employs catalytic materials for the purpose of irradiation [37]. In the
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process electrons holes are generated and dissociation occurs which
result to the production of efficient active scavenger ions [38, 39]. These
resultant scavenger ions cause degradation of the contaminants with the
formation of less toxic by-products [39, 40]. The process is chain reaction
in nature and occurs repeatedly until complete degradation is achieved
with completion in the mineralization of pollutants [38, 40, 41].

In last decades various remediation techniques have applied for the
clean-up of contaminated soil and water towards achieving sustainable,
eco-friendly, and cleaner ecological sphere. Nanotechnology has been
proven to be suitable and equally efficient approach with the use of nano-
adsorbents for the remediation of contaminants [42, 43, 44]. In the
recent, many TiO2-derived photocatalytic materials have been developed
and employed such as nanorods [45], nanotubes [26, 46, 47], nanofibres
[48], nanowires [49]. These nano-derived materials are finding useful
applications in the clean-up of the environment due to their interesting
characteristic features [47], such as ion-exchange potential and efficient
role in photocatalysis [46, 50]. Besides, vulnerable to be tuned or
modified via doping or co-doping with metal and/non-metals seems to be
another quality that made them suitable for photocatalytic applications
[51, 52, 53]. Furthermore, these materials have been synthesized using
various methods and utilization of electrochemical oxidation has been
reported to monitor the geometrical size of the layer titanate [54].

Among the previously employed preparation techniques for titanate
nanotubes (TNTs) includes sol–gel [55], template method [56], hydro-
thermal treatment [46, 50], anodization process [57]. Among the
above-mentioned methods for the synthesis of titanate nanotubes, hy-
drothermal has been widely employed owing to the simpler procedure
and eco-friendliness in nature without further modification of the exist-
ing apparatus to suit their current synthesis [46, 50]. Hence, it was
applied for the synthesis of titanate nanotubes used as photocatalytic
materials in this research.

In this study, photocatalytic degradation reactions withmethylene blue
(MB) was performed and the effect of ion-exchange of titania nanotubes
through photocatalytic degradation activities were investigated. Charac-
terisation of the employed catalytic materials was done using XRD, BET,
TEM, ICP-AES, and FTIR. The ion exchanged NaTNT displayed excellent
reusability after the fifth cycle of the photocatalytic tests and superoxide
radicals were experimentally determined to be the principal reactive ox-
ygen species involved in the degradation of MB with photocatalytic tech-
nique. The study was conducted under batch and the data generated were
evaluated with various study parameters to determine the efficacies of the
nanotubes for the removal of the organic pollutants.

2. Experimental

2.1. Materials and reagents

Commercially procured P25 Degussa Titanium dioxide (P25 TiO2)
(P25, 99.5%) and Methylene blue (MB) (analytical reagent, 99%) were
obtained from Shangweikelin Co. Ltd., China and Soci�et�e Chimique Point
Girard, 16, Boulevard du General Leclerc 92115 Clichy France respec-
tively. The maximum absorption was taken to be 664 nm. The stock
solution of MB (1000 mg.L�1) was made by the dissolution of 1 g MB
powder in 1000 mL of deionised water. Thereafter, the stock solutions of
lesser concentrations were made by using the alternative dilution for-
mula. Sodium hydroxide (NaOH) (analytical reagent, 99%) and nitric
acid (HNO3) (analytical reagent, 99%) were purchased from the Dam~ao
Chemical Reagent Factory. The deionised water was used throughout the
experiment. Reagents used were not subject to extra purification since
they are procured as analytical grades.

2.2. Preparation of protonated titanate nanotubes (HTNT) and sodium
titanate nanotubes (NaTNT) catalysts

Both NaTNT and HTNT were produced using modified preparation
approach previously published [47, 50, 58, 59]. For P25 TiO2 (Degussa),
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5.0 g quantity and commercial grade was dispersed into a 70 mL aqueous
solution of 10 M NaOH. After it was rigorously stirred for 30 min at 500
rpm using a magnetic stirrer, the mixture was poured into a 150 mL
autoclave container and moved to an oven for hydrothermal treatment
while the reaction conditions being kept at 423 K for duration of 20 h.
After 20 h, it was subjected to filtration and washing using a large volume
of deionised water until the pH of the filtrate is neutral (pH ¼ 7.0). The
as-prepared NaTNT was divided into equal parts with first dried over-
night at 333 K to obtain the pure NaTNT which was subsequently pro-
cessed into powder forms. The other part kept was later treated with 0.1
M HNO3and filtered with thorough washing using deionised water, when
the filtrate was neutral the white solid product was dried overnight at
333 K to get our HTNT.

Titanium dioxide (TiO2) designated P25 TiO2 was equally employed
in MB removal studies for comparative study.

Teflon-lined autoclave and a high-temperature furnace were used for
the hydrothermal synthesis of the catalysts in this study. We present
hydrothermal pathways employed for the synthesis of NaTNT and HTNT
in this study in Figure 1.

2.3. Characterization

Morphology of NaTNT and HTNT prepared was investigated using
Transmission Electron Microscopy (TEM) which was operated at a
voltage of 120 kV. X-ray diffraction (XRD) measurements of the prepared
titanate derived materials were also performed. Furthermore, we equally
used both Fourier Transform Infrared Spectroscopy (FTIR) and induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) for the
determination of functional groups and investigating elemental compo-
sition of both NaTNT and HTNT respectively to unravel the characteristic
attributes responsible for the performance of the materials in our study.
The characterization analyses are presented in the subsequent sections.

2.4. Photocatalytic degradation of MB

Degradation by the aid of the photocatalysis was investigated using
Ultra-violet (UV) light on a 50 mL 10 mg.L�1 MB solution (pH ¼ 6.7)
containing 0.5 g.L-1 of the as-prepared catalysts for a duration between
30 min and 120 min. In the course of performing photocatalysis, we
stirred the solution with the aid of as magnetic stirrer at room temper-
ature (25 � 2 �C). The mixture (MB/catalysts) was first made to undergo
stirring under dark condition for duration of half hour in order to achieve
homogenous distribution of MBmolecules over the catalyst and vice-versa
and subsequently applied the illumination of UV light. At 20 min range
interval, 3 mL of the aliquot was taken and further centrifuged at 1000
revolution per min, for a duration of 5 min. A reactor box for the
Figure 1. A schematic flow chart of hydrothermally obtain

3

photocatalytic process of proportions 16 � 16 � 26 inches, with 8 W
germicidal UV bulb (with energy > band gap of TiO2 (3.2 eV)) as well as
78-1 magnetic stirrer hotplate was employed in this research (see
Figure 2). The internal section of the box was painted black to reduce loss
of light.

Thereafter, the concentration of the degraded MB solution (super-
natant) was measured using 752W Ultra-violet (UV-Vis) Grating Spec-
trophotometer at a wavelength of maximum absorbance for MB (λmax ¼
664 nm). The degradation efficiency of MB was measured using Eq. (1).

Degradation ð%Þ¼AmountofMBdegraded ðCtÞ
InitialamountofMB ðC0Þ � 100 Eqn. 1

Where CO is the initial dye concentration, Ct is the final dye concentration
at the time, t. The rate constant (k) of degradation was evaluated using
the pseudo-first order kinetic rate law [4, 8] as expressed in Eq. (2).

�In
Ct

C0
¼ kt Eqn. 2

2.5. Reproducibility test

After photocatalytic each degradation test, the photocatalysts were
collected using centrifuge. Subsequently, eluent agents (water and
ethanol) were applied in the washing process. The photocatalysts
recovered were oven dried at 100 �C for subsequent use in our next cycle
of degradation activity.

2.6. Reactive oxygen species scavenging test

The reactive oxygen species (ROS) generated during photocatalytic
reaction were experimentally determined by introducing 50 mM
Na2EDTA, 50 mM Cu (NO3)2.3H2O, dimethyl sulphoxide (DMSO), and
thiourea as scavengers for holes (hþ), electrons, and hydroxyl radical
(OH) and superoxide radical (O*�

2 ), respectively.

3. Results and discussion

3.1. Characterisation of HTNT and NaTNT nanoparticles

According to the TEM analysis of our prepared photocatalysts shown
in Figure 3, the P25 TiO2 consists of nanoparticles (Figure 3a). Imme-
diately the P25 TiO2 sample was subjected to the treated with NaOH
solution hydrothermal under specified parameters used for the prepara-
tion as mentioned earlier. Afterward, the resultant products obtained,
NaTNT (Figure 3b) and was ion-exchanged using 0.1MHNO3 solution
ed NaTNT and HTNT samples employed in this study.



Figure 2. A black photolysis box with a magnetic stirrer and 8 W germicidal
UV bulb.

Table 1. Estimated Na, Ti, and the Na/Ti atomic ratios of our prepared photo-
catalysts as determined by ICP-AES.

One dimensional
(1D) Titanate materials

Na (Wt.%) Ti (Wt.%) Atomic
ratio of Na/Ti

NaTNT 6.9 41.9 0.34

HTNT 0 48.0 0
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thus HTNT produced (Figure 3c). According to the previously published
report, the observed morphologies followed the path of a dis-
solution–reprecipitation mechanism [38]. The distinguished difference
was due to the ion-exchange activities initiated during the synthesis of
the materials. According to Figure 3d, the XRD patterns obtained
revealed that the starting material P25 TiO2 employed in the synthesis of
NaTNT and HTNT majorly consists of anatase (JCPDS 84–1286) [47]. In
another report, the NaTNT obtained exists as NaHTi2O4(OH)2 phase
(JCPDS 31–1329) [50]. According to the atomic ratio of sodium to tita-
nium (Na/Ti) calculated using data obtained from ICP-AES report, ratio
of NaTNT was found to be 0.34 (see Table 1). When NaTNT was
ion-exchanged as earlier stated under preparation procedure, the peak at
Figure 3. TEM images of (a) TiO2 (b) NaTNT (c) HTNT
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10.2� previously saw got disappeared, furthermore the peak at 28.4� also
diminished. We therefore attributed the phenomenon observed to the
transition process from NaHTi2O4(OH)2 phase (i.e. NaTNT) to
H2Ti2O4(OH)2 phase (HTNT) (JCPDS 47–0124) [50]. To further confirm
the transition of NaTNT to HTNT we equally use data obtained from
ICP-AES to determine the sodium to titanium ratio (Na/Ti) and was
found to be zero (0) (see Table 1) [47]. The sodium content in HTNT
equal to zero was due to the total substitution of Naþ ions with Hþ during
the ion-exchange process. The difference in the Na/Ti atomic ratio of the
prepared materials (HTNT&NaTNT)can be attributed to difference in
preparation step and specifically ion-exchange process with HNO3 solu-
tion causes the hydrogenation which led to the formation of HTNT as
compared NaTNT, this type of hydrogenation through ion-exchange
confirms a complete hydrogenation reaction [38, 50]. Moreover, the
analysis of the XRD peaks revealed a reduction in the intensity ratio of
Anatase/Rutile (IA/IR) from 2.00 in HTNT to 0.74 in the ion-exchange
NaTNT, thus establishing the formation of rutile in the samples [4, 8].
The plausible routes used in this study for the preparation of titanate
nanotubes (TNTs) are represented in Eqs. (3) and (4). As stated earlier
NaTNT transformed to HTNT as a result of complete hydrogenation
through ion-exchange step [47].

3TiO2 þ 2NaOH →Na2Ti3O7 þ H2O Eqn. 3

Na2Ti3O7 þ2Hþ →2Naþ þ H2Ti3O7 Eqn. 4
; (d) XRD patterns of P25 TiO2, NaTNT and HTNT.



Figure 4. BET plot of (a) HTNT and (b) NaTNT; Particle size distribution in (c) number and (d) volume HTNT and NaTNT.
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The surface area of HTNT and NaTNT was studied using the
Brunauer-Emmett-Teller (BET) technique. From the analytical result
obtained, the surface area of HTNT was far higher than NaTNT samples,
as shown in Figure 4a and b, respectively. This may be attributed exis-
tence of Na atoms in the crystal matrix of TNTs, responsible for a particle
size reduction observed in the photocatalyst. To confirm this intuition,
particle size distribution analyses of these samples was performed.
Figure 4c and dshow that the particle number and volume distribution of
HTNT far exceeded those of NaTNT which are consistent with the BET
results.

3.2. Photocatalytic degradation of methylene blue

3.2.1. Morphological effect on MB degradation by photocatalytic process
To monitor the efficiency of all the photocatalytic samples, degra-

dation reaction was performed in the absence of photocatalyst (photol-
ysis). In the photolysis test, the 10 mg.L�1 MB solution was irradiated at
room temperature under constant stirring for 1.5 h. Figure 5a shows only
a slight decrease in the conc. of MB. We investigated the photocatalytic
degradation of 10 mg.L�1 MB at various contact times from 0.5 to 1.5 h
using HTNT, NaTNT and P25 TiO2as photocatalysts in the current study.
Before illumination of UV light, the simulated pollutant solution con-
taining the photocatalysts was stirred for just 30 min. in order to ensure
equilibrium distribution of MBmolecules on the surface of HTNT, NaTNT
and P25 TiO2. We observed interesting adsorption performance of the
catalysts for MB in the dark phase (see Figure 5a). However, upon irra-
diation, the complete removal of MB was achieved. On the contrary, the
case is totally different in the adsorption and photocatalytic degradation
efficiency observed for P25 TiO2which was comparatively low thus
establishing the effect of morphology in the photocatalytic degradation
of MB. Since HTNT and NaTNT displayed similar performance over the
5

period of reaction, further kinetic study was carried to monitor their
degradation over a relatively short-time interval as shown in Figure 5b.
Overall, NaTNT showed better MB removal efficiency than HTNT as
revealed in the insert in Figure 5b. The TNTs displayed higher degra-
dation rates (Figure 5c). The rate constants of NaTNT and HTNT were
calculated to be about 16 and 13 times that of P25 TiO2. The lower
performance of TiO2 particles may be justified with high recombination
of the photogenerated electron-hole (e�-hþ) pairs in the bulk of the
nanoparticles [60]. On the contrary, the one-dimensional morphology of
the as-prepared TNTs offers a facile vectorial movement of the photo-
generated charge carriers, which implies lesser chances of recombination
[61]. A maximum rate constant of 0.12 min�1 was observed in NaTNT. A
significant contributing factor to the performance of the prepared sam-
ples is their high adsorption activity for MB. In the present study, the
adsorption percentage of MB on the investigated photocatalysts was
determined as presented in Figure 5d. The adsorption percentages of the
as-prepared TNTs were both higher than P25 TiO2, such performance
was ascribed to higher surface area in HTNT and NaTNT. The surface
area of HTNT is much larger than that of NaTNT, however, it is inter-
esting to note a higher adsorption percentage in the latter. Such phe-
nomenon may be ascribed to a stronger electrostatic interaction between
the MB and the surface of the adsorbents, NaTNT [10].

3.2.2. Effect of photocatalyst dosage
Furthermore, the impact of the dosage of the as-prepared samples in

the remediation of MB pollutant was investigated. The masses of HTNT
and NaTNT were varied in the range 0.2–0.6 g/L under constant reaction
conditions of 10 mg/L MB, 25 �C and stirring speed of 300 rpm. The
increase in concentration of the prepared photocatalysts had no signifi-
cant impact on the photocatalytic degradation of MB, as revealed in
Figure 6a and b. In the case of HNT, the effect of dosage was only



Figure 5. (a) Degradation of Methylene blue with photocatalysts (HTNT, NaTNT, and P25 TiO2); (b) Degradation performance of HTNT and NaTNT (inset: showing
difference); (c) Kinetic rate constants for photolysis and MB photocatalytic degradation using P25 TiO2, HTNT and NaTNT (concentration of MB solution: 10 mg.L�1;
pH of MB solution ¼ 6.7; reaction time: 1 h); (d) Adsorption percentage of P25 TiO2, HTNT and NaTNT (mass of photocatalyst: 0.4 g/L; concentration of MB: 10
mg.L�1; pH of MB solution ¼ 6.7; reaction time: 1 h).
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noticeable when 0.2 g.L�1 was utilized particularly within the first 20
min of photocatalytic reaction. On the contrary, the removal rate of MB
was changed by the amount of photocatalysts. Figure 6c shows an
improved removal rate of MB with increase in the concentration of both
HTNT and NaTNT. Overall, the NaTNT displayed a superior performance.
The disparity in the effect of the charged masses in HTNT and NaTNT
may be associated with electrostatic effect due to the presence of Na in
the latter sample which enhances its performance.

3.2.3. Effect of initial MB concentration
The concentration of pollutants is one of the most crucial factors

affecting their removal. The effect of the initial concentration of MB on
the remediation efficiency of the as-prepared samples was investigated
using different concentration of the pollutant in the range 1–30 mg.L�1

and photodegradation reaction was performed under the same reaction
condition as in previous experiments. Generally, the pollutant remedia-
tion performance of photocatalysts decreases with increase in the con-
centration of contaminants. Such was true in the case of HTNT as shown
in Figure 7a, where the highest and lowest removal efficiency were
observed in 10 mg.L�1 and 30 mg.L�1 MB, respectively. The as-prepared
NaTNT displayed similar degradation performance under varying MB
concentration (Figure 7b). However, the rate of degradation was
observed to peak at 20 mg.L�1 MB concentration, followed by a drastic
decline at 30 mg.L�1, as shown inset for Figure 7b. Related results on the
influence of initial concentration of MB on its removal rate have been
reported in the literatures [62, 63].
6

3.2.4. Effect of pH
Furthermore, using the as-prepared NaTNT photocatalyst as a model,

the influence of pH on the degradation of MB via photocatalysis in the pH
range from 2.0 to12.0was also studied. In the process of doing this we
adjusted the pH of the MB with 0.1 M HCl and 0.1 M NaOH solutions. In
the dark phase reaction (adsorption), at pH 6, NaTNT demonstrated
highest adsorption performance while at pH 2.0 and 12.0, as shown in
Figure 8a lower rates were noticed respectively. The observed lower
degradation performance of the photocatalyst at these areas is associated
with the high concentration of the competing ions (Hþ and OH�). The
point of zero charge (PZC) of the adsorbent was determined to further
explore the adsorption mechanism. The PZC experiment was performed
by agitating a suspension of 20 mg NaTNT in a predetermined pH of 0.1
M NaNO3 overnight in an orbital shaker at room temperature and the
final pH of the supernatant was recorded after shaking. The PZC plot in
Figure 8b reveals the PZC of NaTNT adsorbents to be 2.06. At this pH the
sample displays a net charge of zero. In the present study, at pH 2.0 (pH<

PZC), the NaTNT was positively charge and a decrease in adsorption of
cationic MB was observed due to electrostatic repulsion. At a pH 6.0 (pH
> PZC), the surface of the adsorbents was negatively charge and its ab-
sorption for cationic MB was enhanced because of electrostatic attrac-
tion. In addition, increase in pH led to a reduction in the adsorption of
MB, which may be ascribed to the high stability of MB under alkaline
medium [64, 65]. Interestingly, a degradation performance more than
99%was attained within 10min of light illumination under pH 12.0. One
plausible explanation for this phenomenon is the presence of Naþ ions



Figure 6. Effect of dosage on the photocatalytic degradation of MB using (a) HTNT and (b) NaTNT; (c) dosage effect on the rate constants of HTNT and NaTNT
(dosage of photocatalyst: 0.2–0.6 g/L; concentration of MB solution: 10 mg.L�1; pH of MB solution ¼ 6.7; reaction time:1 h).
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introduced during pH adjustment using NaOH. These ions capture the
photogenerated electrons during photocatalysis, thereby reducing charge
carrier recombination giving rise to enhanced degradation of MB. On the
contrary, the degradation performance of the NaTNT photocatalyst was
relatively poor under pH 2.0 since Hþ ions present in reaction solution
are not suitable minimizing for charge carrier recombination. To inves-
tigate change in the pH of the MB solution during degradation, a separate
reaction was performed under neutral medium of MB (pH 6.7) and the
final pH after degradation reaction was measured to be 8.48.
Figure 7. Effect of initial concentration of MB on the photocatalytic degradation
degradation of MB under varying initial concentration of MB (mass of photocatalyst:
reaction time:1 h).
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3.2.5. Reusability and stability
The reusability of the as-prepared NaTNT photocatalyst was exam-

ined through repeated runs of photocatalytic degradation of 10 mg/L
MB. It was observed that the performance of the sample was relatively
constant after five cycles as shown in Figure 9a. The good reproducibility
of the as-prepared NaTNT photocatalyst suggests its potential applica-
bility in large scale wastewater treatment barring other parameters.
Furthermore, FTIR peaks ofthe NaTNT before and after photocatalytic
reaction shows good stability of the samples (Figure 9b). Besides, the
of MB using (a) HTNT and (b) NaTNT; available inset, is the photocatalytic
0.4 g.L�1; initial concentration of MB: 10–30 mg.L�1; pH of MB solution ¼ 6.7;



Figure 8. (a) Effect of pH on photodegradation performance of NaTNT; (b) Point of zero charge of NaTNT (mass of photocatalyst: 0.4 g.L�1; concentration of MB: 10
mg.L�1; reaction time: 40 min).

Figure 9. (a) Reusability test of as-prepared NaTNT; (b) FTIR spectra of raw and used NaTNT; (c) raw and treated MB; (d) experimental determination of reactive
species in the degradation of MB (mass of photocatalyst: 0.4 g.L�1; concentration of MB: 10 mg.L�1; reaction time: 40 min) by photocatalysis.

Table 2. Comparison of MB removal efficiencies of various adsorbents with titanate derived adsorbents employed in this work under light irradiation.

Various Adsorbents/Amount Preparation Method Dye Conc. (mg/L) Light Source Degradation rate of MB (%) per Time Ref

RGO/TiO2 nanocomposites (0.5 g/L) Chemical exfoliation 6.4 UV-light 86% at 60 min [66]

RGO/TiO2 nanocomposites (0.5 g/L) Chemical exfoliation 6.4 Visible light 81% at 60 min [66]

Zr3O/AC. (0.2 g/L) Chemical Impregnation/pyrolysis 80 UV-light 84.81% at 120min [67]

-Fe3/Fe3O4/SiO2 (Ar modified) Single stage heat-treatment process 50 UV-light 87.5% at 120 min [68]

CuO/Bi2O3 Nanocomposite (0.2 g/L) Impregnation calcination method 50 UV-C irradiation 88.32% at 120 min [69]

Na-TNTs (0.5 g/L) Hydrothermal method 10 8 W germicidal UV bulb 98.5% at 60 min This work

H-TNTs (0.5 g/L) Hydrothermal method 10 8 W germicidal UV bulb 95.10 % at 60 min This work
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Figure 10. (a) The mechanism for photocatalytic degradation of MB molecules using NaTNT; (b) UV-Vis DRS of P25 TiO2, HTNT, and NaTNT (Inset: band gap plot of
photocatalysts).
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change in the functional groups of NaTNT due to interaction with the
pollutant was also investigated. At adopted reaction temperature for the
hydrothermal reaction, we propose a plausible pathway for the breaking
of the Ti–O–Ti bond and the replacement of the broken bond with Naþ

and –OH for the formation of a new bondwith Ti–O–Na and Ti–OH bonds
[53], at synthesis stage and were affirmed in the raw NaTNT. The wide
peaks observed at 3297~3400 cm�1 are assigned to the broadening vi-
bration of the O–H which confirms the adsorption of water molecules on
the surface of the catalyst while the observed peak at 1755 cm�1 is
attributed to availability and presence of H–O–H in the non-treated
sample which shifted to 1800cm�1 in the treated TNTs [29]. The
bands around 547 cm�1are ascribed to the presence of both Ti–O and
Ti–O–Ti in the region [29, 53]. A comparative FTIR analysis was per-
formed to ascertain the peak differences between the fresh and used
NaTNT. A new peak can be observed around 1412 cm�1, which may be
associated with the interaction between MB and NaTNT.

On the other hand, the change in the FTIR spectra of raw and treated
MBwas investigated to ascertain the likely participation of the functional
groups inthe adsorption process (Figure 9c). For the rawMB, a peak ap-
pears at 2844 cm�1 which shifted to 2864 cm�1in the treated sample,
represents the stretching vibration of –CH� aromatic, while 1454 cm�1

represents –CH3 groups. The bands from 1541 to 1401 cm�1 are ascribed
to the existence of aromatic ring structures. The spectra 3598 and 3142
9

cm�1 signify –OH and N–H aromatic amine correspondingly. The peak at
1632 cm�1 stands for –C¼O, while the peak ranging from 1694 cm�1 is
linked to the availability of C¼C present in the aromatic rings. The
observed peaks 1875 cm�1, 2225 cm�1, and 2864 cm�1of the MB sample
(red line) indicate its adsorption on the prepared NaTNT. Table 2 shows
the comparison of this work with previously published reports on the
degradation of MB using various photocatalysts.
3.3. Photodegradation mechanism

The reactive oxygen species (ROS) responsible for the photocatalytic
degradation of MB were experimentally determined by introducing salts
of Na2EDTA, Cu(NO3)2.3H2O, dimethyl sulphoxide (DMSO), and thio-
urea as scavengers for holes (hþ), electrons, hydroxyl radical (OH�) and
superoxide radical (O*�

2 ), respectively. Comparatively, a significant
decrease in the degradation of MB was observed in the presence of
thiourea, thus suggesting O*�

2 as the dominant ROS in the photocatalysis
(Figure 9d). Closely followed by it is the �OH, as evidenced by the slight
decrease in the degradation of MB as DMSO was introduced. A plausible
mechanism for the degradation of MB via photocatalysis using NaTNT
illustrated in Figure 10a. The photogenerated charges are formed ac-
cording to Eq. (5) upon illumination with UV light.
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NaTNT þ hv → e�CB þ hþVB Eqn. 5
The photogenerated electrons migrate to the conduction band (CB)
and take part in the following reactions (Eqs. (6) and (7)). The presence
of ion-exchanged sodium ions on the NaTNT (evidenced from the ICP-
AES) further generates more of the dominant ROS (O*�

2 ) by attracting
the photogenerated electrons (Eqn. 6). The O*�

2 reacts with water mole-
cules to generate �OH (Eqn. 7), which has the potential to degrade MB
into smaller molecules (Eqn. 8).

e�CB þO2 → O*�
2 ðsuperoxide radicalsÞ Eqn. 6

H2OþO*�
2 →HO*

2ðhydroperoxy radicalÞþ ⋅ OH Eqn. 7

�OHþMB→ Intermediates →H2Oþ CO2 Eqn. 8

On the other hand, the photogenerated holes in the valence band (VB)
move to the surface of the NaTNT, reacts with water molecules and leads
to the formation of �OH (Eqn. 9), which are utilized in the degradation of
MB.

hþVB þH2O → �OH Eqn. 9

The light absorption activities and bandgaps (Eg) of the samples was
investigated using UV-Vis diffuse reflectance spectroscopy (DRS) and the
Tauc plot to further unravel the rationale for their varying performance.
Figure 10b shows the visible light absorbance and Tauc plot (insert) of
P25 TiO2, HTNT, and NaTNT.The HTNT demonstrated an enhanced
visible light absorption (482 nm) relative to P25 TiO2v (415 nm), while
NaTNT displayed a blue shift (394 nm). Correspondingly, the Eg of P25
TiO2, HTNT, and NaTNT were calculated to be 2.73 eV, 2.15 eV and 2.86
eV respectively. Therefore, the superior performance of the NaTNT may
be associated to its higher activity in the irradiated UV light (evidenced
from its blue shift and larger Eg). Based on these, the performance of
NaTNT could be attributed to the cation exchange mechanistic activities
that took place during acid washing (see Eqs. (3) and (4)) which was
previously accounted for in the adsorption of cationic dyes on TNTs [70,
71, 72, 73, 74].

4. Conclusion

Complementary ion-exchange HTNT and NaTNT were synthesised by
hydrothermal method. Photodegradation studies reveal an enhanced
performance using the as-prepared TNTs in comparison to commercial
P25 TiO2. Adsorption capacity of the ion-exchange TNTs was experi-
mented to play a significant role in the photodegradation of MB. The ion-
exchange NaTNT showed better a performance than HNT samples. The
enhanced adsorption and photocatalytic performance of NaTNT was
associated to its electrostatic interaction with MB and higher photo-
activity in UV light (due to larger band gap). The photocatalytic degra-
dation performance was investigated to be associated with reactive
oxygen species and O*�

2 was observed to be a key component. Addi-
tionally, after five cycles of experiment, the ion-exchange NaTNT
demonstrated a good reusability and stability as evidenced by the FTIR
results.

The limitation of this research is hinged on the fact that hydrothermal
technique requires the use of expensive autoclave, high power con-
sumption, long reaction time, safety issue(s) during reaction period and
the inability to monitor reaction conditions.
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