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Abstract—The removal of basic dye such as methylene blue (MB) dye from the synthetic wastewater was experimen-
tally investigated using an electrolytic cell (EC), adsorption and the combined effect of EC and adsorption technology
called a three-phase three-dimensional electrode reactor (TPTDER). The performance of the each technology was checked
on the basis of the efficiency of the systems. The experimental results are expressed in terms of the removal efficiency
of the dye molecules. The results show that the TPTDER could efficiently remove the dye molecules from the aqueous
solutions when compared with the EC and adsorption process. The removal efficiency reached as high as about 99%
for an initial MB dye concentration in the range of 100-1,000 mg/L by TPTDER for 10 min at 12 V cell voltage and
at specific airflow conditions. It was also observed that the removal of dye molecules depends upon the initial solution
pH, applied cell voltage, contact time, and initial dye concentration. The recyclability of the particle electrodes in the
TPTDER process was also checked. These findings suggest that TPTDER is a promising technology for the removal
of dyes from the aqueous solution, and can be applied to the removal of dyes from the industrial effluents.
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INTRODUCTION

The effluents from different industries such as textiles, leather,
paper, plastics, cosmetics, and printing are the largest producers of
the wastewater in Tamilnadu, India [1]. The effluents from these
industries mainly consist of synthetic dyes that contain wastewater
known to be carcinogenic and highly toxic to human beings [2-6].
These dyes can cause allergic dermatitis, skin irritation, cancer, and
mutations [7]. Therefore, the toxic and unwanted dye pollutants need
to be removed from the wastewater before it is discharged into the
environment. For this reason, many wastewater treatment method-
ologies, like physical, chemical and biological methods, and their
combinations have been employed to remove the pollutants from
the wastewater [8-12]. However, the existing conventional waste-
water treatment technologies have their inherent disadvantages in
terms of their applicability, effectiveness and cost [13,14]. In recent
years, the electrochemical oxidation process has attracted consider-
able interest due to its high efficiency, ease of operation and envi-
ronmental compatibility [15]. Generally, the electrochemical process
involves the transfer of heterogeneous electron between a solid elec-
trode and the ionic species in an electrolytic solution [16]. It indicates
that the rate of electrochemical reaction highly depends on the elec-
tron transfer rate, which is directly proportional to the specific sur-
face of the electrode material. But, the surface area cannot be enlarged
in a conventional two-dimensional electrochemical reactor. In par-
ticular, the electrochemical technologies based on the three-dimen-
sional electrode reactor for wastewater treatments have attracted
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much attention, because the electrodes have a large specific surface
area and high performance in comparison to conventional two-dimen-
sional electrodes [17-20]. Many small particles were utilized as parti-
cle electrodes in the three-dimensional electrode reactor when it
was compared with the two-dimensional electrode. At a particular
cell voltage under the influence of an electric field, these particles
become polarized, which forms charged microelectrodes. For this
reason, the electrolytic efficiency was increased because of the in-
crease in the contact between the reactants and the particle, i.e., the
specific surface area of the particle electrodes gets increased. How-
ever, most of the researches on three-dimensional electrodes mainly
discussed organic electrosynthesis [21-23] and the removal of metal
ions [24] or cyanide [25] from solution. Also, this technology was
successfully applied for the removal of organic pollutants from waste-
water [24,26-28]. Generally, stainless steel is used as electrodes for
the treatment of organic wastewater [16,29]. The electro-Fenton
reaction is preceded in normally such type of electrode, i.e., indi-
rect oxidation of H,O, and hydroxyl radicals. At first, H,O, and Fe*
are electro-generated at the cathode and anode and the equations
are given as follows [30,31]:

At cathode: O,+2H+2¢ —H,0, )

@

After the above reactions, the H,O, diffuses into the solution and
reacts with the Fe** ions present in the solution. The Fenton reac-
tions can be written as follows [32]:

At anode: Fe—Fe*'+2¢

H,0,+Fe* +H'—Fe" +H,0+OH’ 3)

The catalytic reaction (3) is propagated by Fe* regeneration, mainly
by the reduction of Fe** with H,O, [33]:
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H

Fe*+H,0,

[Fe-O,Hf"<>Fe*+HO;, 4

Our objective was to design a reactor, a new three-phase three-
dimensional electrode reactor (TPTDER), in a laboratory scale model
to treat the MB dye from the aqueous solution. The effect of operat-
ing parameters such as solution pH, cell voltage, initial MB dye
concentration and contact time on the removal of MB dye was stud-
ied. The electrolytic cell and adsorption process on the removal of
MB dye were carried out and their performance was compared with
the TPTDER performance. The kinetics for the removal of MB dye
from the aqueous solution was explained with the help of different
models such as pseudo-first order, pseudo-second order and intra-
particle diffusion model. In addition, the recyclability of the parti-
cle electrodes is also discussed in this report.

MATERIALS AND METHODS

1. Preparation of Particle Electrodes

The raw form of Strychnos potatorum seeds was received from
Pudukkottai District, Tamilnadu, India. The seeds were thoroughly
washed with double distilled water to remove impurities and then
the seeds were dried in sun light till the moisture was completely
removed. The dried seeds were ground into a fine powder by using
a mixer grinder. The particle electrodes were prepared by treating
one part of Strychnos potatorum seeds with two parts by weight of
concentrated sulfuric acid for about 24 h. The excess acid in the
mixture was removed by rinsing the dehydrated Strychnos pota-
torum seeds with double distilled water until the pH of the superna-
tants remained constant at pH 7.0. This material was dried at 80 °C
for about 3 h and then the dried materials were ground into a powder
by mixer grinder. The powdered materials were sieved to obtain
the size of 0.354 mm. This prepared material was named as surface
modified Strychnos potatorum seeds (SMSP) and this was utilized
as particle electrodes in TPTDER.
2. Preparation of MB Dye Solution

Methylene blue dye powder (CI 52015, Molecular Formula: C,¢
H;N,SCI-3H,0, Molecular weight: 373.9, 4,,,=664 nm) was pro-
cured from Merck Chemicals, India and used without further purifi-
cation. A stock solution of MB dye (1,000 mg/L) was prepared by
dissolving the calculated quantity of MB dye in double distilled water.
Several aqueous solutions with varying MB dye concentrations (100-
1,000 mg/L) were prepared by the proper dilutions of a stock solution
with double distilled water. The residual dye concentrations in the
solution were analyzed by UV-Vis Spectrophotometer (JASCO,
USA). The pH of the test solution was adjusted by using 0.1 M NaOH
or 0.1 M HCL. The pH of the solution was measured with a pH meter
(HI 98107, Hanna Equipments Private Limited, Mumbai, India).
Fourier transform infrared spectroscopy (FT-IR) analysis was used
to identify the different chemical functional groups present in the
particle electrodes (PE IR SPECTRUM ASCII PEDS 1.60 spec-
trometer) [4]. The surface morphology of particle electrodes was
carried out by the scanning electron microscope (SEM) analysis to
the check the surface nature of the particle electrodes (Quanta 200
FEG scanning electron microscope) [4]. All the chemicals used were
of analytical reagent grade.
3. Experimental Studies

The experimental setup is a batch recirculation mode of rectan-
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Fig. 1. Experimental setup (TPTDER).

gular shaped reactor, as shown in Fig. 1. The reactor is made from
the plastic material with a size of 8 cmx8 cmx 12 cm. This reactor
mainly consists of anode, cathode, particle electrodes, and the pro-
vision for air supply. The anode and cathode materials were made
from stainless steel plates and were placed in the two sides of reactor
(Fig. 1). The 15 g of particle electrodes was packed between the
anode and cathode electrodes which form three-dimensional parti-
cle electrodes in a reactor. The compressed air was supplied into
the particle electrodes by a micropore plastic pipeline from the bottom
of the reactor. The supply of the compressed air into the reactor will
cause an increase in the height of the packed bed and the system
will behave as like a fluidized bed. The combined effect of gas (air),
liquid (wastewater) and solid (particle electrodes) was involved in
the three-dimensional reactor called three-phase three-dimensional
electrode reactor (TPTDER). A partition wall is provided within
the TPTDER to separate the reactor into two compartments. The
left side compartment consists of anode and the right side compart-
ment consists of cathode. The compressed air was supplied at the
bottom side of the anodic compartment to recirculate the wastewa-
ter within the compartments (Fig. 1). The electric power was sup-
plied with regulated DC power supply. Three modes of experimental
studies were conducted. The first was carried out without the pres-
ence of particle electrodes in the reactor, but with the presence of
DC power supply to the anode and cathode material at a specified
air flow rate; the system is called an electrolytic cell (EC). The second
mode was without the presence of DC power supply to the reactor,
but with the presence of particle electrodes at a specified air flow
rate, called the adsorption process. The third mode was carried out
in the TPTDER (consisting of both DC power supply to the elec-
trodes and with the presence of particle electrodes at a specified air
flow rate).

In the EC experimental studies, 500 mL of the known initial con-
centration of MB dye solution was taken in the reactor. The pH of
the solution was adjusted to the required value by using the 0.1 M
NaOH or 0.1 M HCl, in order to investigate the effect of pH on the
removal of MB dye from the aqueous solution. The reactor was
started operating when the DC power supply and the compressed
air supply were switched on. The experimental studies were run
until the system was operating under equilibrium condition. Due to
the supply of compressed air, less amount of precipitate was formed
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in the reactor. The supematant was separated from the reaction mix-
tures by centrifuge and then the residual concentration in the superna-
tant was analyzed by UV-Vis Spectrophotometer. All the experimental
studies were done in duplicate. In all other experimental studies, no
electrolytes were added. The different operating parameters such
as solution pH, cell voltage, initial MB dye concentration and contact
time which influence in the removal of MB dye from the aqueous
solution were studied.

In the batch adsorption studies, 500 mL of the known initial con-
centration of MB dye solution was taken in the reactor along with
15 g of particle electrodes. The air was continuously sparged into
the reactor to mix the wastewater and particle electrodes properly
and also to recirculate the wastewater within the compartments. The
different operating parameters such as solution pH, initial MB dye
concentration and contact time which influence in the adsorption
of MB dye onto the particle electrodes from the aqueous solution
were studied. All the experimental studies were performed in dupli-
cate.

A 500 mL of the known initial concentration of MB dye solu-
tion was taken in the TPTDER. The pH of the solution was adjusted
to the required value by using the 0.1 M NaOH or 0.1 M HCl, in
order to investigate the effect of pH on the removal of MB dye from
the aqueous solution. The reactor was started operating when the
DC power supply and the compressed air supply were switched
on. The experimental studies were carried out by varying the dif-
ferent operating parameters such as solution pH, cell voltage, initial
MB dye concentration and contact time on the removal of MB dye
from the aqueous solution. Once the system attained the equilib-
rium condition, the supernatant was separated from the reaction mix-
ture by centrifuge, and then the residual dye concentration in the
supernatant was analyzed by UV-Vis Spectrophotometer. All the
experimental studies were done in duplicate. The efficiency of the
treatment was explained based on the estimation of the percentage
removal of MB dye molecules from the aqueous solution and the
equation is given as follows:

% Dye Removal = Ci(; S x 100 ®)
Where C, and C; are the initial and final concentration of MB dye
in the solution (mg/L), respectively. The amount of MB dye that
gets deposited over the particle electrodes at any time t was esti-
mated by the following equation:

(C,~C)V

q,= "'"'I;l“’"— ©)
where C, is the concentration of MB dye solution at time t (mg/g),
V is the volume of MB dye solution (L) and m is the mass of the
particle electrodes (g). The kinetic data were analyzed with the pseudo-
first order, pseudo-second order and intraparticle diffusion models.
The amount of MB dye that gets deposited over the particle elec-
trodes at equilibrium was estimated by the following equation:

C,~C,)V
q=E Y ™

m

where C, is the concentration of MB dye solution at equilibrium
(mg/L).
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Fig. 2. Effect of solution pH on MB dye removal (a) Electrolytic
cell, (b) Adsorption and (c) TPTDER.

RESULTS AND DISCUSSION

1. Effect of Solution pH

Fig. 2(a) shows the experimental results observed for the effect
of solution pH on the removal of MB dye from the aqueous solution
by EC process. The operating s for the EC process are: initial MB
dye concentration of 100 mg/L, cell voltage of 12V, contact time
of 60 min and wastewater volume of 500 mL. From Fig. 2(a), the
removal of MB dye from aqueous solution was increased with the
increased in the solution pH, and it reached the maximum value at
the pH of 8.0. A constant removal of MB dye of about 25.54% was
attained when initial pH was over 8.0, which indicates that the dye
could be effectively degraded in a slightly alkaline medium. The
increase in the negative charge of dye molecules makes MB dye
be adsorbed much more easily on the anode where MB dye is de-
graded by electrochemical oxidation. Fig. 2(b) shows the experi-
mental results observed for the effect of solution pH on the removal
of MB dye from the aqueous solution by adsorption process. The
operating conditions for the adsorption process are: initial MB dye
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concentration of 100 mg/L, SMSP dose of 15 g, contact time of 30
min and wastewater volume of 500 mL, From Fig. 2(b), it can be
seen that the removal of MB dye from aqueous solution was in-
creased with the increase in the solution pH, and it reaches the maxi-
mum value at the pH of 8.0. The maximum removal of MB dye
from aqueous solution was measured at the optimum pH of 8.0.
For further experimental studies, the initial solution pH was kept
constant at 8.0. At low pH, the number of positively charged sites
of the SMSP gets increased. This situation does not favor the ad-
sorption of MB dye onto the SMSP sites due to the electrostatic
repulsion, because MB dye is a cationic dye. At higher pH, the neg-
atively charged sites of the SMSP get increased, which enhances
the adsorption of positively charged MB dye due to the electrostatic
forces of attraction [4]. Fig. 2(c) shows the experimental results ob-
served for the effect of solution pH on the removal of MB dye from
the aqueous solution by TPTDER. The operating conditions for the
TPTDER are: initial MB dye concentration of 100 mg/L, cell volt-
age of 12V, particle electrodes of 15 g, contact time of 10 min and
wastewater volume of 500 mL. As can be seen from Fig, 2(c), the
removal of MB dye was increased with the increase in solution pH,
and maximum removal was observed at the pH of 8.0; after that
the percentage removal remained constant. The major phenome-
non in the removal of MB dye was mainly due to the adsorption
process and slightly due to the electrochemical oxidation.
2. Effect of Applied Voltage

The effect of applied cell voltage on the removal of MB dye from
the aqueous solution by EC process is shown in Fig. 3(a). The operat-
ing conditions for the EC process are: initial MB dye concentration
of 100 mg/L, solution pH of 8.0, contact time of 60 min and waste-
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Fig. 3. Effect of cell voltage on MB dye removal (a) Electrolytic cell,
and (b) TPTDER.

water volume of 500 mL. From Fig. 3(a), the percentage removal
of MB dye was increased with the increase in applied cell voltage,
and it reached the maximum value of 25.54% at the applied cell
voltage of 12 V; after that only the less percentage removal of MB
dye was observed. This shows the removal of MB dye exhibits a
positive correlation with the applied cell voltage. The results may be
due to the increase of hydroxyl radical by increasing applied volt-
age, because the hydroxyl radicals can be produced on the anode
surface by oxidation of water molecules. The increase in applied
voltage could also increase the amount of active intermediate such
as hydroxyl radicals in the bulk solution, which would favor the
indirect electro-oxidation of MB dye molecules. In view of energy
efficiency and also optimum applied cell voltage, 12 V was selected
for further experimental studies. The effect of applied cell voltage
on the removal of MB dye from the aqueous solution by TPTDER
is shown in Fig. 3(b). In aqueous solution, generally the particle
electrodes, i.e., SMSP, have considerable electrochemical activity
in addition to strong adsorption to MB dye molecules [4]. In the
present research work, the SMSP was utilized as particle electrodes.
Hence, it was expected that the TPTDER used in this present re-
search could remove MB dye by both adsorption and electrochem-
ical oxidation. The operating conditions for the TPTDER are: initial
MB dye concentration of 100 mg/L, solution pH of 8.0, particle
electrodes of 15 g, contact time of 10 min and wastewater volume
of 500 mL. From Fig. 3(b), the removal of MB dye from the aqueous
solution increased with the increase in applied voltage, and maxi-
mum removal of 98.92% was observed at a cell voltage of 12 'V;
after that the removal maintained constant. This may be due to the
reduction in the concentration of MB dye molecules present in the
wastewater. Less amount of precipitate is formed at the end of the
reaction process. As based on the results, the removal of MB dye
from the aqueous solution is mainly due to the adsorption process,
and also there is a slight influence of electro-chemical oxidation.
3. Effect of Initial MB Dye Concentration

Fig. 4(a) shows the effect of initial MB dye concentration on the
removal of MB dye from the aqueous solution by EC process. The
operating conditions for the EC process are: initial MB dye con-
centration of 100-1,000 mg/L, cell voltage of 12V, solution pH of
8.0, contact time of 60 min and wastewater volume of 500 mL. From
Fig. 4(a), the percentage removal of MB dye increased from 25.54%
to 48.88% with the increase in initial MB dye concentration from
100 mg/L to 1,000 mg/L, respectively. This may be because a large
number of MB dye molecules may get easily precipitated at a higher
MB dye concentration than the lower MB dye concentration at a
fixed cell voltage. The effect of initial MB dye concentration on the
removal of MB dye from the aqueous solution by adsorption pro-
cess is shown in Fig. 4(b). The operating conditions for the adsorp-
tion process are: initial MB dye concentration of 100-1,000 mg/L,
SMSP dose of 15 g, solution pH of 8.0, contact time of 30 min and
wastewater volume of 500 mL. From Fig. 4(b), the percentage re-
moval of MB dye slightly decreased with the increase in initial MB
dye concentration. This may be because a fixed amount of materials
was used in the present adsorption process [4]. The effect of initial
MB dye concentration on the removal of MB dye from aqueous
solution by TPTDER is shown in Fig. 4(c). The operating condi-
tions for the TPTDER are: initial MB dye concentration of 100-
1,000 mg/L, solution pH of 8.0, particle electrodes of 15 g, contact
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Fig. 4. Effect of initial MB dye concentration on MB dye removal
(a) Electrolytic cell, (b) Adsorption and (¢) TPTDER.

time of 10 min, applied cell voltage of 12 V and wastewater vol-
ume of 500 mL. From Fig, 4(c), the removal of MB dye was found
to be the highest value of 99.0% (approx.) for all the MB dye con-
centrations studied. This indicates that the TPTDER is an excellent
reactor to remove the MB dye molecules from the aqueous solu-
tion, and also the mechanism of the removal of MB dye from the
aqueous solution was mainly due to adsorption process and slightly
due to electro-chemical oxidation process.
4. Effect of Contact Time

The effect of contact time on the removal of MB dye from the
aqueous solution by EC, adsorption, TPTDER process is shown in
Fig. 5(a), 5(b), and 5(c), respectively. The operating conditiond for
the EC process are: initial MB dye concentration of 100-1,000 mg/
L, cell voltage of 12V, solution pH of 8.0, and wastewater volume
of 500 mL. For the adsorption process: initial MB dye concentra-
tion of 100-1,000 mg/L, SMSP dose of 15 g, solution pH of 8.0,
contact time of 30 min and wastewater volume of 500 mL. For the
TPTDER process: initial MB dye concentration of 100-1,000 mg/
L, solution pH of 8.0, particle electrodes of 15 g, applied cell voltage
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Fig. 5. Effect of contact time on MB dye removal (a) Electrolytic
cell, (b) Adsorption and (c) TPTDER.

of 12'V and wastewater volume of 500 mL. From Fig. 5, the per-
centage removal of MB dye increased with the increase in contact
time, and reached the maximum removal of MB dye at 60 min for
EC process, 30 min for adsorption process, and 10 min for TPT-
DER process. The adequate residence time favors the removal of
MB dye from the aqueous solution. This shows that the TPTDER
is a superior technology when compared with the EC and adsorp-
tion process based on the performance of the each process.
5. Kinetics

The major phenomenon in the removal of MB dye by the TPT-
DER process is due to the adsorption process. The effect of contact
time data obtained from the TPTDER process was fitted to the dif-
ferent models such as pseudo-first order, pseudo-second order and
intraparticle diffusion models to check the kinetics for the removal
of MB dye from the aqueous solution.

The pseudo-first order kinetic model is given as follows [34]:

K
log(q,~q) =loga, - 5353t ®)

The pseudo-second order kinetic model is given follows [35]:
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Table 1. Kinetic parameters for the removal of MB dye (TPTDER)
Kinetic models Parameters Concentration of MB dye solution (mg/L)
100 200 300 400 500 600 700 800 900 1000
Pseudo-first order k, (min™") 0.113 0292 0242 0253 0242 0279 0373 0366 0258 0.320
equation q., cal (mg/g) 1211 3221 5105 6.855 9.120 11.117 20.324 25.351 25.586 25.763
R? 0.874 0.885 0.883 0.885 0.879 0.880 0.897 0901 0.889 0.889
Pseudo-second order  k, (gmg™' min™') 0.262 0.125  0.066 0.049 0.038 0.034 0.025 0.021 0.017 0.016
equation q., cal (mg/g) 3.559 7.143 10989 14.706 17.241 20.833 24390 27.027 31.250 34.483
h(mgg'min™") 3.322 6369 7937 10.526 11.364 14.706 15.152 15385 16.129 18.868
q., exp (mg/g) 3.56 6.632 10.115 13.452 16.876 20.112 23.245 26.657 30.382 33.418
R? 0.998 0.998 0.997 0.997 0.995 0.997 0996 0996 0995 0.996
Intraparticle diffusion k, (mg/g-min'?) 0358 0.752 1272 1746 2409 2854 3.581 4409 5221 5742
model C 2.015 3891 535 6996 7.928 9.733 1037 1075 1115 12.75
R? 0.900 0.886 0912 0.898 0.891 0.868 0.883 0.898 0.892 0.867
t 1 1 1.5
3 gt 4 ¥ \ iomot s not
where q, is the mg of MB dye adsorbed per g of SMSP at equilib- 05 E% $§EE E%Eg:i
rium (mg/g), q, is the mg of MB dye adsorbed per g of SMSP at =z m "
time t (mg/g), k, is the pseudo-first order rate constant (min"), t is D-; 0 ) »
the time (min), k, is the pseudo-second order rate constant (g/mg: o 05
min) and k, g, *=h, is the initial adsorption rate (mg g 'min"). The 3 1
kinetic parameters and other related values were calculated from 15 (a)
the slope and intercept of the plot of the Fig. 5(a) and (b) and these '
values are listed in Table 1. A linear relationship with the high coeffi- -2 Time (min)
cient of determination (R?) values between t/q, and t was obtained, 6
which indicates the applicability of the pseudo-second order kinetic *100 mg/L  ™200 mg/L
model to better describe the adsorption process than the pseudo- ol mg;t peet “m’g;t
first order kinetic model. Also, the calculated q, values for the 4 | ®#700mg/L  -800 mg/L
pseudo-second order kinetic model are very near to the experimen- & 3 ~900mglL.  +1000 mg/L
tal q. values. This again confirms that the adsorption process fol- =
lowed a pseudo-second-order kinetic model. 2| (b)
The intraparticle diffusion model is given as follows [36]: 1
q=k *+C (10) 0
where q, is the mg of MB dye adsorbed per g of SMSP at time t ° ’ Time (n':i:\l "
(mg/g), k, is the intraparticle diffusion rate constant (mg/g min”’), t 0
is the time (min) and C is the intercept. It was observed that two 35 | oo mg:t e mg:t
straight lines with the different slopes can be found in the linear plot 30 | X500 mg/L 600 mg/L *
of g, vs t"?, which indicates that the adsorption process was obvi- 25 :;% mg:t ©1000 10 =~ .
ously divided into two steps. The first linear portion is a very fast & 20 /"’" :
stage due to the bounder layer effect, and the second linear portion ’//4/%%(
is the slowest stage due to the intraparticle diffusion step. The results I %
showed the intraparticle diffusion was not the rate-determining step 10 (©) ﬂq
because the linear line is not passing through the origin. 3 -
6. Recyclability 0 0 ] ) 3 4 5

The recyclability of the particle electrodes was tested by taking
the same amount of spent particle electrodes in a batch reactor, with-
out any prior treatment. The operating conditions for checking the
recyclability of the particle electrodes in a TPTDER process are:
initial MB dye concentration of 100 mg/L, solution pH of 8.0, spent
particle electrodes of 15 g, applied cell voltage of 12 V and waste-
water volume of 500 mL. The same spent particle electrodes without
any prior treatment were utilized nearly more than 10 cycles in the
TPTDER process. The efficiency of the treatment maintains maxi-

t12)

Fig. 6. Kinetics for the removal of MB dye in TPTDER (a) Pseudo-
first order kinetic model, (b) Pseudo-second order kinetic
model and (c) Intraparticle diffusion model.

mum removal of about 99% after the 10™ cycle, but after that there
is a slight decrease in the removal efficiency. This shows that the
auto-regeneration of the spent particle electrodes may be possible
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during the process. And also, much less amount of precipitate is
formed during the process in the TPTDER. So, this reactor can be
effectively utilized for the treatment of MB dye containing waste-
water.

CONCLUSIONS

A novel approach to designing a new three-phase three-dimen-
sional electrode reactor (TPTDER) for the removal of methylene
blue (MB) dye from aqueous solution was proposed. It was con-
firmed that the MB dye can be effectively removed from the aque-
ous solution with the TPTDER using surface modified Strychnos
potatorum seeds (SMSP) as particle electrode and compressed air
as a gas source. The performance of the TPTDER is favorably af-
fected by the initial solution pH, cell voltage, initial MB dye con-
centration and contact time. It was also explained that the removal
of MB dye is much higher than that of electrolytic cell and adsorp-
tion process. The removal of MB dye from the aqueous solution
may be due to the combination of many processes such as adsorp-
tion, electrochemical adsorption, direct electrochemical oxidation,
indirect electrochemical oxidation, air-stripping and etc. But, the major
phenomenon in the removal of MB dye from aqueous solution by
TPTDER was due to the combined effect of electrochemical oxi-
dation and adsorption. The recyclability of the particle electrodes
was tested, and the results showed that the removal of MB dye from
aqueous solution was consistent and there was not any loss in the
particle electrodes, from the aspect of quality and quantity. Without
any regeneration of the spent particle electrodes by the chemical
agents, the same spent particle electrodes were utilized more than
10 times but their property was still the same. This may be due to
the continuous supply of air in the TPTDER, which may act as an
auto-regenerating agent. The kinetic studies showed that the removal
of MB dye from aqueous solution in TPTDER could be better ex-
plained by the pseudo-second order kinetic model. The removal
mechanism based on the adsorption process, i.e., the transport of
MB dye molecules from the bulk solution to the particle electrode
surface was checked with the intraparticle diffusion model. The re-
sults showed that the external and internal diffusion controls the
removal of MB dye from the aqueous solution, the particle elec-
trode surface. The above results confirmed that the removal of MB
dye from aqueous solution by using TPTDER was effective and
this reactor can be utilized for treatment of the industrial wastewater.
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