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A B S T R A C T

This study proposed a simple and effective annular bubble photoreactor using an array of TiO2 nanotubes
(NTs) prepared in situ by an anodisation process and used as photoanodes. The method is based on
photoelectrocatalytic oxidation of the industrial textile wastewater (pH 7.83; conductivity 9.96 mS cm�1;
total dissolved solids 4.97 ppt; turbidity 0.04 NTU; colour 1146 mg/Pt; total organic carbon 5680 ppm and
inorganic carbon 408.1 ppm) operating as follows: original pH of the effluent corrected to 2; current
density of 9 mA cm�2, commercial Hg high press lamp (250 W) irradiating at UV and visible region, and
air bubble stirring of 700 mL min�1. Using these optimised conditions, it was possible to obtain 90%
colour removal (initial = 1.146 mg Pt), 66% COD reduction (initial = 5680 ppm) and 70% TOC removal after
3 h of treatment, reaching acceptable physicochemical properties for discharge.

ã2015 Elsevier Ltd. All rights reserved.

Introduction

Discharged wastewater by some industries under uncontrolled
and unsuitable conditions is causing significant environmental
problems. The importance of pollution control and treatment is
undoubtedly a key factor in the future. From an environmental
overview, the treatment of textile industrial waste is a major
problem in the textile sector. The textile industry and laundries
consume large quantities of water; to dye 1 kg of cotton, 200 L of
water is usually necessary, and large volumes of wastewater from
different steps in the dyeing and finishing processes are produced
[1]. Wastewater from printing and dyeing units is often rich in
colour, and high diversity of chemicals, since the dyes include
various compounds with different functional groups with a wide
range in reactivity, solubility, volatility, stability, etc. [1]. In
addition, the difficulty is increased due to the routine use of
additives in the steps of assembling and fixing the dye to the fibre,
such as wetting agents, antifoams, electrolytes, dispersing agents,
pH adjusters, normalising agents, metal sequestrants and others
[1]. Usually, these processes produce an effluent with high organic
charge, high COD and BOD concentration, as well as many more
hard-degradation and toxic/mutagenic materials [2,3]. This efflu-
ent can also contain particulate matter and sediments, oil and

grease that cause the depletion of dissolved oxygen, which has an
adverse effect on the aquatic ecological system. All of these
problems result in greater difficulty treating dyeing wastewater
[1], which can have a serious impact on natural water bodies and
land in the surrounding area, as well on human health, if the
discharge is irregular [3].

Nowadays, much more specific processes for water and
wastewater treatments are required to meet severe regulatory
standards regarding water quality, in particular with reference to
the removal of refractory organic compounds, such as dyes,
aromatics, pesticides, solvents, EDCs (endocrine disrupting chem-
icals) and PPCPs (pharmaceuticals and personal care products).

Among the emerging technologies for wastewater treatment,
the advanced oxidation processes (AOP) has gained extraordinary
attention [4–8]. They are a broad set of chemical oxidation
treatments joined by the use of transient radical species, such as
hydroxyl radicals (OH�) [9]. These species have high reactivity and
non-selective action towards organic compounds, which are
transformed in lower molecular weight intermediates, until their
complete mineralisation to CO2 and minerals [9–13].

In recent years, the possibility of integrating heterogeneous
photocatalysis with electrochemical processes, in order to exploit
their synergistic action, has been outlined. The benefit of coupling
those processes is in the reduction of photogenerated electron-
holes recombination, which is one of the main drawbacks of this
process [14,15]. Furthermore, recent improvements in nano-
technologies have allowed the production of nanostructured
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forms of low costs [16]. In particular, the application of TiO2 as
photoanode in heterogeneous photoelectrocatalysis has generated
considerable interest [17,18]. The process is based on the hydroxyl
radical generation due to the photoinduced reactivity of TiO2

nanotubes that promotes water oxidation under UV irradiation
(l � 380 nm) [14,15]

In our previous studies, we fabricated various TiO2 nanotubes
on titanium substrates with anodisation technology for the
purposes of using photoelectrodes for the degradation of many
types of organic pollutants, such as aromatic amines [19,20] and
several dyes (textile and cosmetics dyes) [21,22] for use in water
treatments. Nevertheless, application of the photoelectrocatalytic
oxidation process for the treatment of effluent from wastewater is
rare [23].

Hence, the present work focuses on the improvement of the
reaction performance of TiO2 nanotubes as photoanodes in the
treatment of real textile effluent by coupling the photoelectro-
chemical process (PEC) using an annular bubble photoreactor. The
discolouration and total organic carbon (TOC) removal were
evaluated in order to assess the effectiveness of the proposed
method.

Experimental

Preparation of TiO2 electrode

Titanium samples (0.25 mm thick, 99.7% purity, from Sigma–
Aldrich) with a geometric area of 56 cm2 were degreased by
successively sonication for 15 min in isopropanol, acetone and
finally deionized water (DI), and then dried in an N2 stream.
Electrochemical anodisation of titanium was carried out by
potentiostatic anodisation using a DC power supply (Minipa
MPL-1303) in a two-electrode electrochemical cell using a
ruthenium sheet as a counter-electrode. The interval between
the working electrode and counter electrode was about 2 cm. The
TiO2 nanotube array was formed by anodising the Ti foil in organic
electrolyte, which showed a dependence on the anodisation time.
The present organic electrolyte was 0.25% ammonium fluoride
(97.0%, Fisher) in glycerol (98.5%, Fisher) containing 10% volume
Milli-Q water. The grown porous layers were annealed at 450 �C for
30 min in a furnace (model 650-14 Isotemp Programmable Muffle
Furnace, Fisher Scientific) and were allowed to cool gradually back
to ambient conditions. Bare TiO2 NTs were tested to compare the
efficiency and performance of decolourisation of wastewater.

The characterisations of TiO2 NTs were studied and all of the
results are reported by previously published references [19,20].

Textile effluent

Textile effluent was collected from a textile factory (São Paulo,
Brazil). It referred to the original disposal from the textile
furnishing and finishing process and was collected after all steps
involved in the production of jeans had been completed. The
effluent sample was stored at 4 �C and used without any further
treatment. Its physicochemical properties were: pH 7.83; conduc-
tivity 9.96 mS cm�1; total dissolved solids 4.97 ppt; turbidity
0.04 NTU; colour 1146 mg/Pt; and total organic carbon
5680 ppm and inorganic carbon 408.1 ppm.

NTs Photoelectrochemical bubble reactor

The 4 L photoelectrocatalytic bubble column reactor, which was
specifically designed for operation with strongly, absorbing
solutions such as textile effluent, was constructed from PVC pipe
(Fig. 1). An excellent mass transfer can be achieved in this reactor
by gas-sparging with small bubbles generated by passing gas

through a silicon hose with a hole of 1 mm and a 1 cm space
between each hole distributor at its base. The reactor was used in
2-electrode mode, with all currents quoted with respect to the
counter electrode. The TiO2 NTs arrays worked as an anode and a
ruthenium sheet of same area as a cathode. This system was
connected in a power supply and a specific current was applied
under these components. To compare the efficiency of this bubble
reactor, the silicone hose was removed of the bottom and changed
by a magnetic stirrer. The space between each electrode was
configured to keep exactly in the same position and neither silicon
hose nor magnetic stirrer was able to disrupt the system.

The light sources were 125 W and 250 W Hg high pressure
lamps positioned inside a quartz tube and inserted in the middle of
a photoelectroreactor, as shown in Fig. 1.

PEC experiments under artificial UV light

Here, 125 and 250 W mercury lamps (Philips, with a maximum
wavelength of 365 nm) were placed about 3 cm away from and
parallel to the TiO2 NT anode. However, we have to point out that
when the electrode was immersed in the textile effluent, the
effective light intensity reaching the electrode surface declined,
depending upon the composition and colour of the sample
solution. The cell and lamp were placed in the photoreactor, and
the electrodes were connected to a DC power supply before a
specific current was applied. All measurements were carried out
using a constant airflow of 700 mL min�1 of compressed air.

During the photoelectrocatalytic treatment, aliquots were
withdrawn at controlled times and decolourisation and degrada-
tion was monitored with a Hanna colorimeter in a 10 mm quartz
cell and the mineralisation of organic matter and inorganic carbon
with a total organic carbon analyser (TOC - VCPN, Shimadzu, Japan).
The COD results were achieved using a COD Photometer Macherey-
Nagel model PF-3. The pH, conductivity and total dissolved solids
were achieved by Hanna and turbidity by Microquímica.

Results and discussion

FEG-SEM images of TiO2 NTs

The electrodes achieved and used in PEC processes are shown in
Fig. 2I. The morphology of TiO2 NT electrodes obtained during

Fig. 1. Representative scheme of an annular bubble photoelectroreactor used in the
wastewater decolourisation.
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electrodeposition at 30 V in 0.25% NH4F, 10% water in glycerol as an
electrolyte was evaluated by using FEG-SEM images (Fig. 2II). The
images show that the TiO2 layer consists of nanotubular arrays
with a uniform tube diameter of about 100 nm; a wall thickness of
10 nm and a length of around 1.5 mm. The formation of

nanotubular arrays was the result of competition reactions
involving both the electrochemical oxidation of titanium on the
metal surface and the chemical dissolution of the formed TiO2

layer by fluorides in the electrolyte [19,20,24–27]. The use of highly
viscous neutral electrolytes was adopted to control the steady

Fig. 2. (I) Pictures of samples used in PEC process of ruthenium and TiO2 NTs arrays; (II) FEG-SEM images (top view and insert cross-section); (III) X-ray diffraction of TiO2

nanotube arrays annealed at 450 �C for 30 min and (IV) linear sweep voltammogram curves of TiO2 nanotubes arrays in 0.1 M Na2SO4 solution pH 6.5 in the dark (A) and UV
illumination (B).

Fig. 3. Efficiency of decolourisation (I) and dissolved inorganic carbon removal (II) during 4 L of wastewater pH 2, treated using TiO2 NT photoanode under air flow
(700 mL min�1); a current density of 9 mA cm�2 and commercial light irradiating at UV + vis light 250 W of power under bubble mixing (A) and mechanical mixing (B) and bare
TiO2 NTs (C).
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process [25–27], promoting chemical drilling at the bottom of the
nanotubes. On the other hand, the use of NH4F as a neutral
electrolyte creates a mild anodic oxidising environment, which
essentially minimises the rate of chemical dissolution of the TiO2

nanotube wall in comparison with acidic solutions [26]. As a result,
it is possible to generate TiO2 films with an ordered architecture,
which can provide a unidirectional electric channel on the catalyst
which improves the photoactivity.

X-ray diffraction (XRD)

Fig. 2III shows an X-ray diffraction (XRD) patterns of nanotubes
obtained after 50 h at 30 V, as mentioned previously, submitted to
annealing at 450 �C. Results indicate that the diffraction peaks at
about 2u 25.5�, 37.3�, 38.1�, 48.2�, 54.2�, and 55.2� can be indexed to
the (10 1), (10 3), (0 0 4), (2 0 0), (10 5), and (211) crystal faces of
anatase TiO2. It is necessary to note that the rutile peak is much
lower than the anatase peak, so it is reasonable to neglect the
influence of such trace rutile content on the TiO2 nanotubular
arrays. The results are good since anatase is the higher activity
form because it preserves more OH radical active surface sites
[24,28,29]. This is a good indicator that the TiO2 nanotubular arrays
could contribute significantly to the photoactivity of the material.

Photoactivity

The electrode photoactivity was evaluated by recording the
photocurrent vs. applied potential for TiO2 NTs (Fig. 2IV) in
0.1 mol L�1 sodium sulphate pH 6.5 under and without UV
irradiation. The respective voltammetric curves are shown in
Fig. 2IV. The observed dark current was found to be negligible, see
Fig. 2IV, curve A. However, high photocurrent density was greatly
increased under UV irradiation at potential higher than �0.25 V vs.
Ag/AgCl and the current values are constant after reaching a
potential of +1.5 V, as shown in Fig. 2IV, curve B. The photo-
electrochemical current density reflects the generation, separation
and transfer efficiency of photo-excited electrons from the valence
to the conduction band of TiO2. Therefore, the crystallised TiO2

nanotubular array can act effectively as a novel photoelectro-
chemical material to be incorporated into promising technological
applications, such as a good photocatalyst. Since there is superior
electron transport, the decreases in the photoelectrocatalytic
oxidation efficiency resulting from the recombination process is
reduced.

Wastewater decolourisation optimisation

Fig. 3 shows the real effects of airflow in the PEC system used to
treat 4 L of wastewater pH 2, treated using the TiO2 NT photoanode
under air flow (700 mL min�1); a current density of 9 mA cm�2 and
commercial light irradiating at UV + vis light. Fig. 3I illustrate the
decolourisation of the original wastewater textile industry
submitted to 3 h of photoelectrocatalysis. As can be observed in
Fig. 3I, curve A, the decolourisation of wastewater submitted to the
PEC process achieved 81% using bubbles, while the mechanical
movement promoted only 41% colour removal (Fig. 3I, curve B). In
Fig. 3I, curve C, a bare TiO2 NTs was tested to compare their
efficiency in relation with TiO2 NTs annealed and less of 2% was
observed after 3 h of experiments. These results corroborate with
the expected ones, where systems whose bubbles are used to mix
or shake solutions can increase the mass transference inside a
reactor and improve the surface of contact between electrode/
solution interfaces. On the other hand, the bubbles system can be
related to the removal of carbonate and/or bicarbonate ions from
bulk solution. The low yield when bare TiO2 NTs was studied is due
the absence of anatase phase. This phase is fundamental for

photocatalytic process because it is responsible to generate the
excitons that convert holes to hydroxyl radicals.

In order to test the photoelectrocatalytic efficiency the
discoloration of the wastewater was conducted by electrocatalysis
(current density of 9 mA + catalyst) and photocatalysis (UV/vis
irradiation + catalyst). The percentage of discoloration obtained
after180 min of treatment showed maximum of 6% and 45%,
respectively. These results illustrate the importance of photo-
electrocatalysis PEC that reached 81% of colour removal.

Fig. 3II compares the inorganic carbon removal (IC) monitored
during the treatment of original wastewater at pH 2 with and
without the bubble system. In this case, when bubbles are used at
acidic medium, the IC removal is promoted in the first hour of the
experiment (Fig. 3II, curve A), while a slower IC removal was
observed in the mechanical mix (Fig. 3II, curve B).

This result was expected due to carbonate and bicarbonate ions
acting as a radical scavenger and causing the suppression of free
hydroxyl radicals [Eqs. (1) and (2)] to degrade the organic pollutant
[26]. Hydroxyl radicals produced are converted to the hydroxide
ion, thereby decreasing the concentration of these oxidising
agents. As a consequence, the photodegradation process occurs at a
very slow rate, only depending on the reaction of dye molecules at
the electrode surface.

HCO3
� þ OH� ! CO3

�� þ H2O (1)

CO3
2� þ OH� ! CO3

�� þ OH� (2)

Therefore, the reduction of these species present in the wastewater
can promote an increase in the performance of treatment by AOP.

Dilution of wastewater

Fig. 4 shows the effects of dilution of the original wastewater in
the performance of decolourisation. The original effluent pre-
sented a high intensity colour (1146 mg Pt) and turbidity of
0.04 NTU. In this condition, some of the UV irradiation from the
lamp is partially absorbed, decreasing the intensity of photons that
can be on the TiO2 surface. As the PEC process depends on e/-h+
generation on the electrode surface due to irradiation with
l > 380 nm and concomitant water adsorption for conversion to
OH� radicals, there is a reduction of colour of the effluent. Dilution
with tap water improved the discolouration, as shown in Fig. 5I,

Fig. 4. Colour reduction of wastewater as a function of different percentages of tap
water dilution.
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Fig. 5. Efficiency of decolourisation (I) and TOC removal (II) of wastewater in: no dilution (A); 10% (B) and 20% (C) tap water. Conditions: pH 2; a current density of 9 mA cm�2

and commercial light irradiating at UV + vis light 250 W of power and under air flow of 700 mL min�1.

Fig. 6. Efficiency of decolourisation as a function of treatment time under different conditions, such as: density current (A); pH of solution (B); power lamps (C) and filtration
of system (D).
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indicating that a simple step of dilution can improve the economic
feasibility.

As can be seen in Fig. 4, approximately 14% and 28% colour
reduction of wastewater is obtained when 10% and 20% tap water
is submitted to the PEC process, respectively. In addition, this
dilution promoted around 90% discolouration after 3 h of
treatment, while the original effluent reached 71% (Fig. 5I). At
the same time, the TOC removal analyses revealed a maximum of
54% when 10% tap water was added, while the treatment without
dilution was responsible for only 33% mineralisation. It is
expected that 20% tap water could promote a higher discoloura-
tion than 10%; however, the opposite effect was observed. This
behaviour could be explained as a function of conductivity of the
solution (8.71 mS cm�1 for 10% and 7.48 mS cm�1 for 20%
dilution). In an electrolytic process, the conductivity of the
solution affects the efficiency of current intensity, voltage, and the
consumption of electrical energy. The conductivity must be high
in order to ensure good ion transfer in the solution. In this
situation, a minimal difference was responsible for 15% of the TOC
removal.

Optimisation of treatment conditions

In order to increase the PEC performance in the discolouration
of the wastewater other parameters was optimised, such as current
applied, pH, irradiance and filtration system. All of the studies were
carried out using a TiO2 NT electrode in wastewater corrected to pH
2, with an airflow of 700 mL min�1 and 10% tap water dilution.

Fig. 6A indicates the effect of effluent discolouration when
treated under UV irradiation and current density ranging between
4.8 and 18 mA cm�2. The results show that the discolouration
increased significantly at 9 mA cm�2, where 90% of the original
colour was removed after 3 h of PEC treatment. Higher and lower
values of current were not able to reach a desirable intensity of
colour removal. As expected, application of an appropriate density
current across the electrodes, which suppresses electron/hole
recombination at the surface of the semiconductor, is necessary. At
small current densities, there is a low influence on the separation
of charges generated during photoirradiation [30]. Nevertheless, a
current density higher than 9 mA cm�2 promotes concomitant
oxidation of water to oxygen, decreasing the efficiency of forming
hydroxyl radicals and decreasing the PEC efficiency in dye
discolouration.

Fig. 6B illustrates the influence of the original pH of the
wastewater (2.5, 5.0 and 8.8) in the performance of decolouration.
The measurements were taken for wastewater at corrected original
pH treated over 3 h with a TiO2 nanotubes array as the photoanode,
under a constant current of 9 mA cm�2 and under UV irradiation.
90% of discolouration was observed at acid medium. At pH 5 and
pH 8.8 the colour removal decreases to 51% and 19%, respectively.
Probably the amount of carbonates in the original water is
responsible to trap hydroxyl radical. Therefore, the process is less
effective for the organic content degradation. On the other hand, at
pH 2, the adsorption of dye on the electrode surface is more
efficient since carbonate removal is more effective and adsorption
of dye by electrostatic interaction on the electrode surface is
improved since in this pH it is protonated (isoelectric point around
5.3) [31] improving the success of treatment.

Fig. 6C shows the effects of irradiance in the wastewater
discolouration. The graphs compare the performance of textile
effluent during 3 h of treatment for TiO2 NT under the bubble
system, at pH 2 under UV–vis irradiation from different lamps. 91%
of colour removal was reached when the semiconductor was
irradiated by a 250 W lamp and only 70% when irradiated by a
125 W lamp, suggesting higher irradiance increases the efficiency
due increases of hydroxyl radical generation.

During all experiments, the presence of small black-coloured
particles in the solution (turbidimetry 0.04 NTU) was observed,
which persisted up to the first hour of PEC treatment, but was
removed under longer electrolysis conditions. These components
could be associated with other compounds in solution with lower
solubility. These particles can absorb or reflect the light, preventing
the entire amount of radiation from reaching the TiO2 NT surface.
Thus, the removal of these particles by the filtration process was
evaluated. Fig. 6D shows the effects of this previous filtration on
the performance of wastewater discolouration. It is evident that
removing these compounds increases the performance of the
treatment by around 20% in comparison to when the wastewater is
treated by filters. Therefore, the use of this option is recommended
mainly in economic situations where a new physical component
will be part of a treatment system and a great quantity of particles
must be treated before correct disposal.

COD and TOC analysis

Thus, our findings indicate that wastewater from textile
effluents can be successfully treated using TiO2 NTs arrays as
the photoanode in a PEC system optimised with 10% dilution of the
original effluent, correction to pH 2, bubbling with an airflow of
700 mL min�1, applying a current density of 9 mA cm�2 and being
irradiated by a 250 W Hg lamp with a quartz bulb. In order to
monitor the efficiency of treatment, besides the discolouration, the
COD reduction and TOC removal were analysed, the results of
which are shown in Fig. 7.

The COD analysis showed that a reduction by up to 60% is seen
after 3 h of treatment, while the TOC value achieved 70%
mineralisation. These results are somewhat higher than those of
the other systems [32], indicating that the proposed PEC reactor
can be competitive in comparison to other similar systems for the
treatment of textile wastewater in pilot-scale operations [33,34].

Under these optimal conditions, Table 1 summarises the
efficiency of the PEC process under physicochemical parameters.
The chemical oxygen demand (COD) and total organic carbon
(TOC) concentration were reduced in the effluent by 73% and 66%,
respectively, after 3 h of photoelectrocatalytic oxidation. The
reduction in conductivity values was not nearly as impressive,
since dye mineralisation can also generate some inorganic ions,
such as ammonium and nitrate. Taking into consideration that a
solution of pure water presents turbidity lower than 0.04 NTU, the

Fig. 7. COD removal and TOC removal under optimised conditions: 10% dilution of
tap water; pH 2; airflow of 700 mL min�1, current density of 9 mA cm�2 and
irradiated by a 250 W Hg lamp with a quartz bulb.
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turbidity grade obtained for effluent samples before and after
treatment did not show any significant reduction. The experimen-
tal pH values do not change after fixation at pH 2 and the energy
consumption indicates values of 3882 kWh/kg�1. Further studies
are required to improve the application for high volumes of
effluent, with a view to the future application of the developed
process in industrial wastewater treatment.

Electric energy per mass (EEM) is the electric energy in kilowatt-
hours [kWh] required to bring about the degradation of a unit mass
(e.g. one kilogram, kg) of a contaminant C in polluted water or air.

The EEM value [kWh/kg] can be calculated from Eq. (3):

EEM ¼ Pt106

Vðg i � g f Þ
(3)

P is the rated power [kW] of the advanced oxidative process
system, V is the volume [L] of water in the time t [h], factor of 106

converts g to kg, and mass concentrations are used (g = m/V) (usual
unit mg/L) [35].

Conclusion

Our findings indicate that the annular bubble photoreactor
using a TiO2 nanotube array as a photoanode has proven to be a
good alternative for the treatment of textile wastewater, repre-
senting a powerful mean for the abatement of refractory and/or
toxic pollutants in wastewaters from the textile industry. These
pollutants can be directly degraded on the surface of the
semiconductor by holes and/or hydroxyl radicals and adsorbed
pollutants on the electrode surface. The method is rapid, simple
and efficient. Using the optimised conditions of 10% dilution of the
original effluent, correction to pH 2, bubbling with 700 mL min�1 of
airflow, applying a current density of 9 mA cm�2 and irradiation by
a 250 W Hg lamp inserted in a quartz bulb, it was found that the
PEC process was able to reach 90% of the original colour of the
effluent and promote up 70% mineralisation and COD reduction by
66% after 3 h of treatment.
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Table 1
Results of the photodegradation parameters.

Physicochemical parametes Textile wastewater

Before After

COD/mg L�1 752 203
TOC/mg L�1 750 250
pH 2.0 2.0
Conductivity/mS cm�1 9.96 9.8
Turbidity/NTU 0.04 0.04
Total dissolved solid/ng L�1 4.97 4.94
Colour/mg PT 1146 110
Energy consumption/kWh kg�1 – 3882
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