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Summary: In the present study, electrocatalytic treatment of Orange 122 in wastewater was studied
by using a three-dimensional electrochemical reactor (3DER). Firstly, TiO./AC, V,04/TiO,/AC and
WOs/TiO,/AC (over activated carbon) catalysts were prepared by a sol-gel method in aqueous
solution. The process optimisation was carried out by investigating the effects of time, voltage,
suspension’s pH, dye concentration, the amount of supporting electrolyte (NaCl) and the type of
catalysts. Optimum values for these parameters were found as 120 min., 15 V, 6.5, 250 mgL"' and
800 mgL"' respectively. The results obtained show that after 30 minutes only 30% colour was
removed in the absence of activated carbon and this value increased to 60% in the presence of
activated carbon. However, the percentage removal increased to 98% in the presence of all three
catalytic materials under the same experimental conditions. In addition, for all three catalysts, the
pseudo-first-order rate constants were obtained and the values were found to be between 1.12 x 107
min™ and 3.97 x 10?2 min™'. The high removal efficiency of this system is attributed to the synergistic
combination of adsorption, electrocatalytic and electrochemical oxidations occurring simultaneously

during the oxidation process.
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Introduction

Currently, there are many industries, for
example, food, textile, paper and cellulose, chemical,
oil, coal mines, metal finishing, and synthetic
rubber/plastic which produce wastewater containing
different types of both inorganic and organic
pollutants. Textile industry has served as a source of
income for many developed and developing
countries. The amount of money made in the textile
industry runs into billions of US dollars due to the
high demand by growing consumers in the clothing
market. Major textile producers such as China, US,
EU, India, Pakistan, Bangladesh and Turkey have
increased production over the past many years.
However, the discharge of synthetic textile dyes from
textile industries into the aquatic ecosystem poses a
threat to its habitants and human health [1].

Dyes presences in wastewaters can cause
very significant pollution, even at very low
concentrations [2, 3]. Synthetic dyes, present in
textile wastewater streams, along with other chemical
pollutants can also reduce the light penetration
through the water's surface [4]. Textile dyes are
relatively resistant to microbial degradation due to
their complicated structures [5]. Consequently, it is
extremely importance to treat the textile wastewaters
in order to remove both dyes and other organic
pollutants. The available methods can be categorised

as physical, chemical and biological [6]. Some of
these methods are based on adsorption and oxidation,
carried out by using Fenton's reagent [7], ozone [8],
processes [9, 10]. Many dyes samples used in the
industry are resistant to external influences and may
be resistant to light and oxidation [11].

The use of different types of electrochemical
technologies has many advantages such as high
efficiency, environmental compatibility and easy
operation [12, 13]. However, in practical
applications, the use of the system may be limited
due to the low current efficiency and mass transfer
constraints due to the formation of diffusion layer. To
improve and solve this problem, it is possible to
create microelectrodes loaded with an external
electric field, increasing the specific surface area of
the electrode and increasing the electrolytic activity
[14].

As a particle electrode carrier, granulated
activated carbon (GAC) is the most widely used
material for high specific surface area, good
conductivity and low cost [15]. However, it has also
been reported that the GAC exhibits a poor capacity
for electrochemical oxidation. The solution to this
problem is possible to develop the electrocatalytic
process by loading the appropriate catalysts into the
GAC [16]. TiO,-photoelectrolysis can be used for the
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degradation of organic pollutants, such as dyestuffs
and phenols, which are toxic and non-biodegradable
in wastewater effluent streams. TiO, is a
semiconductor material with excellent catalytic
activity and is highly preferred, especially in
photocatalytic reactions. Recently, TiO, has been
reported to have a synergistic contribution to the
oxidation reaction without an external light source
[17]. However, there are still a limited number of
studies related to these issues and therefore, there is a
need investigate and define the roles of TiO, in
electrocatalytic oxidation process.

The main objectives of the work described
in this manuscript are: (a) to investigate the
feasibility of using TiO,/AC, V,0s/TiO, /AC and
W,05/TiO,/AC as particle electrodes in three
dimensional electrochemical reactor (3DER) for the
degradation of reactive orange 122 (RO122) and; (b)
optimizing parameters (process time, voltage, pH,
salt and dye concentration) affecting electrocatalytic
oxidation of RO122;

Experimental

Chemicals: Activated carbon, and
(NH4)10H»(W,07)s (Ammonium tungstate) 98 %
pure were supplied by Sigma Aldrich; Ti
(OCH(CHj;),)4 (Titanium tetraisopropoxide) 98%
pure and NH,;VO; (Ammonium monovanadate) 99 %
pure were supplied by Merck.

Devices: WiseStir MSH 20A model heating
stirrer for mixing operations, Binder brand Etiiv oven
for drying operations, the Niive brand muffle furnace,
MF 140 model, was used for calcination, Pasco brand
SF9584A model power supply for electrocatalytic
oxidation experiments, for spectrophotometric
measurements, Hach Lange Dr 2800
spectrophotometer, WTW pH330i digital pH meter
was used for pH measurement operations. JEOL
brand JEM 2100F HRTEM model TEM
(Transmission Electron Microscope), JEOL brand
JSM-7600F model SEM (Scanning Electron
Microscope) and Rigaku brand SmartLab model
XRD (X-Ray Diffractometer) were used for surface
characterisation.

Synthesis of particles

In this study, TiO,/AC, V,05/TiO,/AC and
W,05/TiO,/AC catalysts were prepared by loading
V,05 and W,0s, separately and together by using
TiO, as semi-conductor material on the surface of
activated carbon (AC) materials.
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Synthesis of TiO,/AC particles

Initially, 500 ml of a solution containing
30% isopropyl alcohol and 100 ml of titanium
isopropoxide was prepared. An aliquot of 50 ml of
this solution was added over 30 g of AC sample and
mixed at constant temperature (25°C). This mixture
was first dried in a vacuum oven at 100 °C for 2
hours and then left at room temperature. The
impregnation process using a 50 ml of solution was
repeated 4 times under the same conditions and
calcined for one hour at each temperature of 300 °C,
400 °C and 500 °C gradually. After this process, the
sample was cooled in a desiccator and kept in dark.
Synthesis  of V,05/TiOyAC and W>05/TiO/AC
Particles

In this study, 120 ml ethanol and 20 ml tetra-
n-butyl titanate were mixed and then 10 ml acetic
acid, 2 ml distilled water and a few drops of acetone
were added and stirred for 3 hours (solution A). After
that, 8-20 mesh AC was activated with nitric acid,
washed with distilled water and left for drying. Acid
activated carbon was then stirred for three hours with
the previously prepared solution A. After the
completion of the reaction, dropwise addition of
(NHy)0H, (W30;)¢ solution was carried under
constant temperature to prepare TiO,/W,0s/AC
particles. Prepared particles were filtered and dried at
100°C for 3 hours. Dried samples were thermally
activated at 300, 400 and 500°C each for one hour.
Same procedure was repeated to prepare
Ti0,/V,0s/AC particles but NH,VO; solution was
used instead of (NH4),0H,(W;0,)s. After these
processes, the samples were cooled in a desiccator
and kept in a light-free condition.

Electrocatalytic Experiments

In all electro catalytic experimental,
TiOy/AC, V,05/TiO/AC and W,0s/TiO,/AC
materials were used as a catalytic agent. Reactive
Orange 122 (RO122) dye was used as a source of
chemical contaminant and its chemical structure is
shown in Fig 1. The electrolytic system consists of
round glass of 500 ml capacity containing three
dimensional graphite electrodes as shown in Fig 2.
The anode and cathode (feeder electrodes) were
situated 5.0 cm apart from each other. Stirring was
done by using a magnetic stirrer (50 rpm).
Compressed air was sparged into the bed electrodes
from the bottom of the reactor.
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Fig. 1:
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Fig.2: Experimental 3D  system for the

electrocatalytic treatment of real printing
wastewater (1. DC power supply, 2. copper
wire, 3. anode, 4. cathode, 5. electrolysis
reactor, 6. magnetic bar, 7. electromagnetic
stirrer and 8. Catalysts (particle electrode)

For process optimisation, the effect of
parameters such as; initial pH, type of catalysts,
voltage, wastewater concentration, and the amount of
table salt as supporting electrolyte were investigated.
Cell voltage was measured digitally by using power
supply. At the end of experiments, the treated
solution was filtered and then colour changes were
measured before and after electrolysis by using a
spectrophotometer.

Determination of Colour Change
To determine the A, of ROI122, the
aqueous solution containing a known concentration

Table-1: EDS results of the three catalytic samples.
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Chemical structure of textile dye RO 122, A.: 488 nm; solubility in water: 75 gdm'3 ; degree of purity:

of dye was analysed using a UV spectrophotometer.
The Ay of RO122 was found to be at 488 nm. All
wastewater samples were analysed at this A, value
to determine the residual concentration of dyes
remaining in aqueous solutions. The percentage
removal of ROI122 was calculated by using the
following formula.

A% — 4,
——x 100
A°;

AY%: Initial absorbance, A;: Final absorbance.

% colour removal =

Results and Discussion
SEM analyses

The surface morphology of the catalysts
prepared as part of this project was investigated using a
scanning electron microscopy (SEM) and the SEM
images are given in Fig. 3(a, b and c). The SEM
micrograph of AC, at the higher magnification (Fig. 3a),
clearly show that the AC structure has porous
morphology. The SEM images of TiO,/V,0s and
TiO,/W,05 doped AC samples are given in Fig. 3b and
3c. As seen from these Fig.s, TiO,/V,05 and TiO,/W,05
were attached to the AC surface. The proof of this
adhesion was demonstrated by Energy Dispersive X-ray
Spectroscopy (EDS) and compositional element rates
obtained by EDS (Table-1).

Element (Weight %)

C [ Ti V W Mg Ca Si P Totals

AC 86.71 11.00 - - 0.84 0.82 0.46 0.32 100.00
V,05/TiOyAC 65.47 21.37 12.10 1.07 - - - - - 100.00
WOyTiOyAC 71.66 20.75 6.39 1.21 - - - - 100.00
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Fig. 3:
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SEM images belonging to Activated carbon (a), V,05/TiO,/AC(b) and WO+/TiO,/AC(c).

©

Fig., 4: TEM images belonging to AC (a), V,05/TiO,/AC (b) and WO,/TiO,/ AC(c).

TEM analyses

The samples were also analysed using a
transmission  electron microscopy (TEM) for
investigating the morphology of the prepared
catalysts. Fig. 4 (a, b, ¢) shows the images with
increasing magnifications from the samples. Fig. 4a
shows the typical TEM micrograph of the amorphous
AC. The TEM images of TiO,/V,05 and TiO,/W,0s
doped AC samples are presented in Fig. 4b and 4c.
As seen in the Fig.4b and 4c, TiO,/V,0s and

TiO,/W,05 were attached to the AC as with SEM
results.

XRD analysis

Fig. 5 shows the XRD patterns of
TiO,/AC (a), V,04TiO,JAC (b) and
WO,/TiO,/AC (c¢) amorphous and crystal
structures. According to Fig. 5, the X-ray
patterns confirm that activated carbon samples
were amorphous and TiO,/V,05 and TiO,/W,05
doped samples have crystal diffractions peaks.
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Fig. 6: FTIR spectra belonging to TiO,/AC(a), V,05/Ti0,/AC(b) and WO;/TiO,/AC (c).

When compared, both AC and TiO,/AC

spectra showed stretching vibration at 3440 em!
related to —OH. C—H stretching was also observed at

2923 em’! related to —CH,. Band height and
broadness reflects that these groups did not change

after the application of TiO,. The band at 1575 em!
disappeared that was related to aromatic C=C and a

new band appeared at 1638 em™! related to titanium
carboxylate. Disappearance of C=C related band and
appearance of TiO, bands proves the impregnation of
TiO, particles on the surface of AC (Fig. 6a).

Hydroxyl band on the surface of V,0s/TiO,/AC

decreased and shifted to 3431 em’l was also
observed. It was different from WO, as —CH, bands
did not disappear that means they were unaffected,
only —OH groups were involved in reaction. Similar
to WO; connectivity, bands at 1638 em™! related to
titanium carboxylate disappeared. Similarly, the C=C

band at 1575 cm! shifted to 1569 cm™! after
reaction with V,05. The C-O band at 1156 em! in

pure AC also shifted to 1143 em’! after the removal
of titanium carboxylate and reaction with V,05 (Fig.
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6b). After comparing the spectrum of WO,/TiO,/AC,

the band of —OH shifted from 3440 cm™! to 3441 cm
and area under the peak is also decreased in addition

to the disappearance of —CH, band at 2924 e
after the addition of WO, (Fig. 6¢). Therefore, it can
be believed that WO; affected these groups.
Separately, the band related to titanium carboxylate
after the addition of TiO, disappeared after heating

and a small peak was observed at 1578 cm™'. Another

band appeared at 1231 cm™ that is related to W=0. It
proved the addition of WO;.

Effect of Experimental Parameters
The Effect of Salt Concentration

The salt concentration in the electrochemical
reactions is important because it acts as a supporting
electrolyte and determines the electrolytic current.
The increase in electrical current intensity can
improve not only the degradation of organic
pollutants present in wastewater streams but also
some side reaction such as producing H, at cathode.
The results are shown in Fig 7 at varying NaCl
amounts for colour removal.
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Fig7: Changes in colour removal rates over time

depending on catalyst and salt concentrations.
(a:04 gL', b:0.8 gL'land c:1.6 gL'l)
(voltage:15V, pH:6.5 and concentration: 250
mg/L).

The data in Fig. 7 show that the percentage
removal of colour depends on the concentration of salt
used during the reaction. The best removal percentage
was obtained when 0.8 g L™ salt was used in all electro
catalytic experiments. No advantages in the colour
removal were achieved by increasing the salt
concentration from 0.8 g L™ to 1.6 g L. In addition, it
was observed that 90 % colour removal was achieved at
the end of 30 minutes, and then this percentage
remained constant. The addition of salt (NaCl) would
also lead to the decrease in power consumptions
because of an increase in conductivity [17, 18] during
the degradation process. The main reactions occurring
during the anodic oxidation of organic compounds in
the presence of NaCl are given below

Anode

Hypochlorite formation:
CI+20H — OCI+H,0+2¢

Cathode

Hydrogen evolution:
2H,0 + 2¢— H,F 20H

Chlorate formation:
6CIO+3H,0— 2CIO ; +4CI+6H +3/20,+ 6¢

Oxygen evolution:
40H —-2H,0+0,+4¢

Solution and/or near the surface of anode
electrode, Indirect oxidation of dye compound and its
oxidation intermediate  with  hypochlorite  in
electrochemical treatment of dye effluent via chlorine
generation is:
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Dye+OCl —dyes intermediates + CO, + H,O + Cl-
Effect of Dye Concentration

Electro catalytic experiments were carried out
using wastewater streams containing three different
concentrations (125 mg L™, 250 mg L™ and 500 mg L™)
of dye. The percentage removal of colour observed over
time depends on the initial concentration of dye present
in wastewater streams (Fig. 8).
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Fig8: Effect of initial concentrations of the dye on

the percentage removal of colour vs time (a:
125 mgL™", b: 250 mgL" and c: 500 mgL™).
(NaCl:0.8 gL', voltage: 15V, pH: 6,5).

The data in Fig. 8 show that the percentage
removal of colour increased with time. The percentage
removal after 15 minutes was 90% when the dye
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concentration was 125 mg L™'. However, the percentage
removal decreased to 80% and 70% when the dye
concentration was increased to 250 and 500 mg L’
respectively. It was also observed that the percentage
removal of colour reached to a maximum value of 99%
after 120 minutes for all concentrations under different
catalytic conditions. At low initial concentrations, it
was seen that the electrocatayst reaction is faster than
the diffusion. Too many dye molecules in solution could
not be removed completely for the agglomeration of
organics and the shortage of reactive oxidative species.
It was observed that the percentage removal of colour
reached 99% when the dye concentration was 250 mg L
' In view of these results, the later experiments were
carried out using 250 mg L' of dye. The results indicate
that the ROI122 degradation at different initial
concentrations ranging from 125 to 500 mg L™ is in
good agreement with the pseudo-first-order kinetics.
The rate constant for all catalyst samples are shown in
Table-1

pH Effect

The pH of solution in the electrocatalytic
reactions taking place on the particle surface is an
important parameter. The colour removal for three
catalyses was examined at different pH and the obtained
results are plotted in Fig. 9.
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Fig.9: Effect of pH on the percentage removal of

colour using (a: TiO,/AC, b: WO3/TiO,/AC,
c: V,05/TiOy/AC, solid/liquid: 0.8 gL'l,
voltage: 15V, Init.cons.:250 mgL™).

The results also showed that the colour
removal efficiency reached the highest level at pH:
5.0 and pH: 3.0. It is mainly because that quinoid
structure may be more likely to be degraded, and
quinoid structure is a main form at the low pH value
[19]. In addition, it is well known that the increase of
the solution pH is favourable for the occurrence of
secondary reaction (oxygen evolution) meaning more
energy consumption, which results in decreasing the
current efficiency. The data in Fig. 9a show that the
optimum pH condition nearly 99% of the original
colour was removed after 120 minutes.

Voltage Effect

Electrocatalytic experiments were carried
out firstly with carbon electrode and then TiO,/AC,
WO,/TiO/AC and V,05/TiOy/AC, using the
catalysers separately at different voltages (10, 15 and
20 V). The results obtained are plotted in Fig.10
respectively.
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Fig.10: Effect of voltage on the percentage removal
of colour vs time (a:10 V, b:15 V, and ¢:20
V) (NaCl conc: 0,8 gL', pH:6.5, Initial dye
conc: 250 mgL™)

The results obtained show that 65% colour
removal was achieved after the first 5 minutes under
the optimum condition of 0.2 g L' catalyst, natural
pH, 0.8 g L' NaCl and 15 V. This degradation value
was increased to 96% after 60 minutes. The highest
percentage removal of colour was obtained with
TiO,/AC, closely followed by TiOyAC and
WO,/TiO,/AC, V,05/TiO,/AC. It was also observed
that the lowest percentage removal was achieved at
10 V with the use of TiO,/AC as catalyst. However,
higher percentage removal was achieved at the same
voltage when WO;/TiO,/AC catalyst was used. When
the voltage was increased to 20 V then the highest
percentage removal was obtained with the use of
V,05/TiO,/AC catalysts. Overall, the percentage
removal increased with increasing the voltage from
10to 20 V.

Catalytic Mechanism

It has been reported that a higher percentage
removal of dyes can be obtained when GAC
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supported TiO, particle electrode was used instead of
using GAC alone for the removal of organic dye (in
3D system) [20]. Based on the experimental results,
TiOy/AC, TiOy/WO3/AC and TiO,/V,0s/AC have
been demonstrated to possess a much higher
electrocatalytic activity for oxidizing organic
pollutants than only AC and electrooxidation (as well
as the 2D system).

It is well known that the hydroxyl radical
('OH) plays an important role in the removal of
organic compounds because it is a very powerful
oxidizing agent. In the literature study, it has been
reported that electrogeneration increase of ~OH
occurs in the aqueous medium when electrical current
is applied to GAC material in electrochemical
oxidation systems (in 3D system) [21, 22]. In another
study, it has been reported that in the removal of
paint with "OH, H,0, never reacts actively with dye
molecules, significant amounts of "OH are produced
in the presence of AC especially, and the dye
molecules can be rapidly oxidized [23].

In the present study; semiconductor
materials such as TiO,, WOs, V,0s, TiO, and AC
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were used together or separately. The valence and
conduction bands of VO, and WO; are higher than
those of TiO,. Therefore, electrochemical generated
electrons in VO, and WO; are transferred to the
conduction band of TiO,, and photogenerated holes
in TiO, will be transferred to the valence band of
WO; and VO,. The photogenerated electrons and
holes are thus highly separated in pore and surface of
AC, increasing their catalytic activity. In addition, the
larger surface and porous structures of AC would also
increase the catalytic activity, because more organics
can be adsorbed. When it is thought that all of
sentezed, catalyzers are typical ‘“nonactive”
electrocatalyst, at this ‘“nonactive” metal oxide
electrode (MOx) over granular activated carbon
(GAC) surface, water molecules were easily
decomposed to form strong oxidants, such as
physisorbed ‘OH, MOx (‘OH) which allow
nonselective oxidation of organics and may result in
complete oxidation of organic carbon to CO, As
schematic representation describing the possible
mechanisms involving the 3D electrocatalytic process
is therefore provided in Fig. 11.

Organic Pollutants

W03, V2035 or Ti0? over AC
Nanocomposite particle

_ Activeted carbon

Degradation Products

(*OH + Orange 122 met intermediate s COz+ H30)

Fig. 11: (A) schematic representation describing the mechanisms of the charge separation and active species

generation in a 3D electrocatalytic system
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Table-2:k and R* values for Colour removal to different parameters and nanoparticles.

Parameters TiO,/AC WO,/TiO,/AC V,05/Ti0,/AC
R? k x10 (min™") R’ kx10?(min™) R’ kx107% (min™")
Salt effect (g L)
0,4 0,99 2,19 0,99 2,23 0,99 2,05
0,8 0,75 2,77 0,82 2,83 0,92 2,55
1,6 0,78 3,21 0,80 2,63 0,91 3,55
Concentration (mg LY
125 0,70 2,59 0,78 2,72 0,80 3,21
250 0,75 2,77 0,78 2,69 0,95 2,97
500 0,97 3,26 0,95 3,84 0,88 3,44
Voltage effect (V)
10 0,86 3,71 0,88 2,72 0,96 2,94
15 0,96 2,89 0,88 3,34 0,96 3,06
20 0,94 1,12 0,99 3,97 0,86 3,87
pH effect
3 0,92 3,08 0,72 3,05 0,98 3,04
5 0,83 2,32 0,74 2,46 0,99 2,15
6.5 0,75 2,77 0,78 2,72 0,94 2,91
9 0,93 3,08 0,96 1,38 0,97 2,75
11 0,89 2,72 0,79 2,34 0,90 1,45
In the 3D reaction system with WO;, V,0s  Conclusions

or TiO, over granule activated carbon used, each
particle electrode could act as a micro electrolysis
cell. As a result, the 3D electrocatalytic system owns
much higher electrode areas than 2D reaction, and the
process performance is much improved [24-26].
Overall, in the 3D photoelectrocatalytic system, the
high degradation efficiency of RO122 should be
explained to the synergistic effect of activated carbon
adsorption, electrocatalytic and electrochemical
oxidation. Another advantage of the granular particle
in practical application, the composite material could
still be easily recovered from the bulk solution by
using filter apparatus after the -electrocatalytic
reaction.

Photo degradation kinetics.

The degradation kinetics of wastewater by
using three catalysts were evaluated using the
linearized form of pseudo first- order rate

Ln (C/C)= -kt (5)

where C, C, t and k are the initial concentration (mg
L"), the concentration (mgL'l) at time t, exposure
time and the first-order rate kinetics, respectively.
Table-2 shows that the degradation process follows
the pseudo first-order rate kinetics as evidenced from

the regression (;'2 ) analysis that is greater than 0.70.
The higher rate constant achieved using TiO,/AC can
be attributed to the combined effects of adsorption of
organic molecule over catalyst surface followed by
oxidation using the generated hydroxyl radical and
direct attack of photo generated holes [27]

In this study, the electrocatalytic degradation
of ROI122 was investigated by wusing graphite
electrode and also as particle electrodes. The removal
of RO122 in the three-dimensional electrode system
was mainly dependent on the oxidation by active
substances (O°, etc.). The efficiencies of
nanocomposite materials were examined in the
operation condition., optimum values were found as
reaction time; 120 min., voltage; 15 V, solution pH;
6.5; initial concentration; 250 mg L' and NaCl
concentration; 0.8 g L. The kinetics analysis results
indicated that the degradation of RO122 in systems
followed pseudo first-order kinetics. For all catalysts,
the pseudo-first-order rate constants were obtained
among 1.12 x 10”min™ and 3.87 x10* min™.

The dye degradation mechanism in 3D
system is very complex, and in general two different
mechanisms are considered to be responsible for dye
degradation: (1) direct oxidation of dye molecules by
the direct electron transfer reaction; (2) indirect
oxidation by the aqueous oxidants such as hydroxyl
radicals and hydrogen peroxide

The above results validated 3D electrolysis
as a promising alternative method for removing dyes
from secondary effluents in pre-treatment or
advanced treatment applications. The practical
implementation of this technology is encouraged,
especially in locations where renewable or self-
produced energy is available.

Moreover, the necessity to analyse and
identify the formation of different intermediate
products using modern analytical techniques
equipped with identification library is needed. It
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would also be useful to identify the structure of these

intermediate products

to fully wunderstand the

degradation mechanism during the electrocatalytic
oxidation process using HPLC, gas chromatography,
NMR and other analytical techniques in further
studies.
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