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ABSTRACT

Removal of hazardous dye, Rhodamine B, from aqueous solution using electrolytically gen-
erated Fenton technology in bubble column reactors (BCR) under continuous mode was
investigated in the present study. BCR of capacity 3,000 mL was used for the electrolysis of
50mg/L RhB solution. Ferric chloride was used as the Fenton catalyst and two graphite
plates of effective area 100 cm® were used as the cathode. The effect of various operational
parameters on dye removal behavior of the electro Fenton (EF) process was analyzed.
Results after 8 hr of electrolysis showed that 98% of the dye was removed successfully at
optimal conditions from the aqueous solution. The optimal solution pH, catalyst dosage,
and applied voltage were obtained as 3, 5mg/L, and 3.5V, respectively. Experimental
results demonstrated that EF process in BCR is effective for the removal of dyes from
aqueous solution.

Keywords: Electro Fenton; Bubble column reactor; Dye removal; Rhodamine B; Advanced

oxidation process

1. Introduction

Among all the electrochemical advanced oxidation
processes, an electrolytic Fenton process known as
electro Fenton (EF) process has recently emerged as a
very promising technology for the mineralization of
various organic pollutants. EF process has been very
first reported by Oturan group and Brillas group
[1-3]. EF process is an environmentally clean and
compatible process having little sludge production
with high mineralization efficiency in the presence of
harmless chemicals [4-6]. In EF process, externally
added catalytic amount of Fe®* or Fe®* reacts with
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H,0, which is produced at the cathode surface as in
Eq. (1) and generates hydroxyl radicals in the system
as in conventional Fenton process (Eq. 2) [1,4]. This
process is more powerful than the conventional
Fenton process due to the continuous production of
H,0, and electro-regeneration of ferrous ion through
the cathodic reduction of Fe** (Eq. 3) formed by
Fenton’s reaction [7]. This maintains the continuous
production of hydroxyl radical in the electrolytic sys-
tem and enhances the degradation of pollutants. Other
important characteristics of the EF process are the
maintenance of constant solution pH during the
electrolysis. The protons consumed during the in situ
production of H,O, are counterbalanced by the
oxidation of water at the anode as in Eq. (4) [8].
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O, +2H" 4+ 2¢~ — H,0, (1)
Fe’™ + H,0, — Fe’™ + OH™ + HOr )
Fe’* + e~ — Fe?* ®3)
H,O — 0.50, +2H" + 2e~ 4)

Carbonaceous materials are considered as the efficient
cathode material suitable for the in situ electrolytic
generation of H,O, [6]. Various carbonaceous materials
such as graphite, carbon sponge, activated carbon fiber,
carbon PTFE, reticulated vitreous carbon, carbon felt,
and so on were used for the abatement of various
organic pollutants. H,O, decomposition electrochemi-
cal activity of these materials is very low and the O,
reduction activity is very high [9]. The pores in these
materials can hold the oxygen molecules and enhance
the in situ production rate of H,O,. Our previous work
[10] demonstrated that the increase in depth of
immersion of carbonaceous cathode increases the effi-
ciency of EF process. This is mainly due to the increase
in contact time between air bubbles and the cathode
surface and an increase in contact with more amounts
of finer bubbles than shallow electrodes.

By keeping the above point of view, bubble col-
umn reactor (BCR) is the better option for an EF pro-
cess to get a higher amount of pollutant removal or
mineralization efficiency. Bubble columns are the cont-
actors in which a gas or a mixture of gases in the form
of a dispersed phase of bubbles moves in a continuous
liquid phase [11]. BCR belong to the general class of
multiphase reactors which consist of three main cate-
gories, namely the trickle bed reactor (fixed or packed
bed), fluidized bed reactor, and the BCR [12]. These
reactors are used in industries due to its simple
design, absence of mechanically moving parts, excel-
lent heat and mass transfer properties, high thermal
stability, good mixing, low power requirements, and
hence low construction and operation costs [13,14].
These reactors are used in environmental field for the
treatment of winery wastewater by ozone-based
advanced oxidation processes [15], ultrasound-
enhanced catalytic ozonation [16], lead and biological
oxygen demand removal from wastewater using acti-
vated rice husk [17], ozonation of phenol and dye
[18,19], etc.

A few studies were conducted for the EF oxidation
of organic pollutants in a continuous mode. Fered
Fenton treatment of matured landfill leachate was car-
ried out by Zhang et al. [20] using Ti/RuO,-IrO,-
SnO,-TiO, mesh anodes and Ti mesh cathodes in a

continuous stirred tank reactor. Rosales et al. [21]
carried out a continuous study on the decolorization
of dyes via EF process using BCR and confirmed that
the hydrodynamic behavior of BCR is similar to that
of continuous stirred tank reactor. Rosales et al. [22]
used BCR in continuous mode for the decolorization
of dyes using Fe alginate gel beads as a Fenton cata-
lyst. Our previous study [23] reported that the graph-
ite—graphite EF system in a continuous stirred tank
reactor has the ability to remove salicylic acid from
aqueous solution. The present study focused on the
EF removal of the hazardous dye, Rhodamine B
(RhB), from aqueous solution in BCR. The properties
of RhB are given in Table 1. RhB is widely used in
paper, leather, paint industries, and textile industries.
The release of RhB in water medium is harmful to
both aquatic life and humans. RhB is hazardous, car-
cinogenic, toxic, and mutagenic, especially for preg-
nant women and children [24,25]. It is harmful if
swallowed by human beings and animals, and causes
irritation to the skin, eyes, and respiratory tract [26].
Therefore, treatment for this harmful pollutant is
needed before entering into the natural water bodies.
In the present study, RhB removal characteristics and
its kinetic analysis by EF process in BCR was carried
out. Influence of different operational parameters such
as solution pH, applied voltage, catalyst concentration,
and inlet flow rate on RhB removal was investigated.

2. Materials and methods
2.1. Chemicals

Analytical grade ferric chloride, supplied by Merck
(CAS No. 7705-08-0), was used as the source of Fenton
catalyst for all the experiments. RhB dye stuffs pur-
chased from Loba Chemie (CAS No. 81-88-9) were
used without further purification. Sulfuric acid of min-
imum assay 95-98% from Merck (CAS No. 7664-93-9)
was used as the pH regulator.

Table 1

Properties of RhB

C.I. No. 45170

C.I. Name Basic violet 10
Chemical formula C28H31CIN203
Molecular weight 479.02 g/mol
j~max 553.8 nm

Structural formula
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2.2. BCR and experimental procedure

BCR of diameter 10.4 cm and height 40 cm, which is
made of glass, was used for all the electrolytic experi-
ments. The height to diameter (H/D) ratio is an impor-
tant parameter controlling the efficiency of BCR. If the
value of H/D is very less, utilization rate of small bub-
bles becomes very less and it will cause a pressure
drop in the system [13]. This will affect the RhB
removal efficiency of the EF process. An outlet of 1cm
diameter was provided at 35.5 cm above the bottom of
BCR. The hydrostatic pressure due to the 35.5 cm static
liquid height is only less than 0.1 atm and the effect of
this pressure on the bubble size and its rising velocity
is negligible [13]. Thus, working volume for all the
electrolytic experiments was considered as 3,000 mL.

Graphite plates obtained from Anabond Sainergy
Fuel Cell India Private Limited, Chennai, Tamil Nadu,
India, were used as both anode and cathode. The
schematic diagram of the experimental set-up is
shown in Fig. 1. Two cathodes and one anode were
used for the electrolysis of dye solution. Cathodes of
effective area 100 cm” and anode of effective area 80 cm®
were used in all the electrolytic experiments. Anode
was placed at the middle of cathodes. The depth of
immersion of all the electrodes kept constant as 20 cm
and placed vertically and parallel to each other with
an effective inner electrode spacing of 1.75cm. Con-
stant power supply across the electrodes was ensured
with a DC power supply (Make: Beetech, 0-5 A and
0-30V). For all the experiments, 50 mg/L of RhB
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Fig. 1. Schematic diagram of experimental set-up.

solution was used and the pH of this solution was
adjusted to 3 using 4 M H,SO,. To the pH-adjusted
dye solution, required amount of ferric chloride was
added and mixed well. Air was purged in the solution
using commercially available fish aerator and its dif-
fusers were placed at the bottom of both cathodes.
This will guarantee an oxygen-enriched solution and
help for the cathodic in situ generation of HO,. Inlet
tank of capacity 20 L kept at 65 cm above the ground
and the flow from tank was regulated to required
level and monitored during the experiments. All the
experiments were conducted at room temperature.
Samples were withdrawn at regular intervals and
residual concentration of RhB was analyzed using UV-
Visible spectrometer (Lambda 25, PerkinElmer, USA).
The color removal efficiency of the BCR in continuous
mode was calculated using Eq. (5).

[RhB], — [RhB],

Removal efficiency (%) = ( [RhB|
0

) x 100 (5)

where [RhB]; represents the concentration of RhB at
time t; [RhB] is the initial dye concentration.

3. Results and discussion
3.1. Effect of applied voltage on RhB removal kinetics

Applied voltage is an important parameter affect-
ing the efficiency of any electrolytic system. In EF pro-
cess, the applied current is the driving force for the
reduction of oxygen, leading to the generation of
hydrogen peroxide at the cathode [27]. If the voltage
is very less, the electrical force required for the chemi-
cal reaction will be less and results in lesser efficiency.
On the other hand, if the applied voltage is very high,
efficiency of the electrolytic system will increase, but
the cost of the system also will get increased. There-
fore, an optimal applied voltage is necessary for any
electrolytic system with lesser operational cost and
higher efficiency.

In order to find the effect of voltage on the RhB
removal efficiency of EF process, experiments were
carried out by changing the voltage from 2 to 4 V, with
the increment of 0.5V and the results obtained at regu-
lar interval are depicted in Fig. 2. It can be seen from
Fig. 2 that the rate of RhB removal was increased by
increasing applied voltage from 2 to 3.5V. RhB
removal efficiency values reached 45.5 and 87.3% after
1.5hr of electrolysis for the applied voltages of 2 and
3.5V, respectively. This faster RhB removal rate at
higher voltage could be ascribed to the acceleration of
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Fig. 2. RhB removal kinetics in BCR by EF process under
various applied voltages.

H,0O, formation rate and also to the faster regeneration
of Fe?", leading to the generation of higher amount of
hydroxyl radicals from Fenton’s reaction [28]. Ozcan
et al. [29] reported an increase in H,O, production rate
at carbon sponge cathode with an increase in applied
current. Force of attraction of RhB toward the cathode,
which is the working electrode of EF process, also
increases with the increase in applied voltage. This will
cause higher collision frequency between electrolyti-
cally produced hydroxyl radical and the dye mole-
cules, leading to higher removal efficiency. But, further
increase in the voltage from 3.5 to 4V decreased the
RhB removal efficiency of EF process. At the higher
voltage values, formation of H,O by 4e” reduction of
oxygen leads to the lesser formation of H>O, [29]. Also,
the increase in applied voltage increases the tempera-
ture of the solution, which will boost the decomposi-
tion rate of H,O, and decreases the solubility of
oxygen in the electrolytic system [29]. Hydrogen evolu-
tion at the cathode is also increases with the applied
voltage. This will scarify the efficiency of EF process at
higher voltages, even though ferrous ion regeneration
rate is very high [30]. Ninety-eight percent of RhB was
removed after 8 hr of electrolysis. Therefore, 3.5V was
considered as the optimal voltage required for the RhB
removal in bubble reactor.

From Fig. 2, it can also be observed that the
removal of RhB in the BCR follows an exponential
decrease, which indicates that the removal kinetics fol-
lows pseudo-first-order kinetics. The rate of removal
of RhB depends on the concentration of RhB and
hydroxyl radicals, and in steady state this rate
depends more on pollutant concentration than that of

hydroxyl radical. Therefore, pseudo-first-order kinetic
equation of RhB removal can be written as follows:

d[RhBJ,

5 = —Fi[RhB], (©)

This results in a final expression of,

ln<[[11§1;1§](:> = —kyt )

where [RhB]; represents the concentration of RhB at
time ¢ (mg/L); [RhB], is the initial dye concentration
(mg/L) and k; is the apparent pseudo-first-order
kinetic rate constant (min ).

Apparent pseudo-first-order rate constants for the
removal of RhB in the BCR were calculated for vari-
ous applied voltage values by plotting In([RhB]y/
[RhB],) against electrolysis time (Fig. 3) and the results
are given in Table 2. The higher values of linear
regression coefficient indicate that the RhB removal
follows the pseudo-first-order kinetics. The dye
removal rate constant increased with the increase in
applied voltage up to 3.5V and decreased thereafter.
The apparent rate constant value increased 3.5 times
with the increase of voltage from 2 to 3.5V and this
increment was linear with a linear regression
coefficient of 0.98.

The RhB decolorization efficiency of the BCR was
predicted using equation (Eq. 8) given by Rosales
et al. [21].
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Fig. 3. Pseudo-first-order kinetic plots for RhB removal
under various applied voltages.
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Pseudo-first-order kinetic coefficients for RhB removal under various applied voltages

Applied voltage (V) Applied current (A) ki (hr™) R? D Operational cost (US$/g)
2 0.01 0.3182 0.95 76.08 0.43
25 0.03 0.6553 0.99 86.76 0.66
3 0.05 0.907 0.99 90.06 0.88
3.5 0.07 1.102 0.95 91.68 1.45
4 0.11 0.845 0.95 89.41 249
k]‘L‘
D= 100 8 100 -
Ty @® g
—=— 2V
where D is the dye removal efficiency (%); 7 is the res- 80 - - ;3\;
idence time (min) and k; is the apparent pseudo-first- —¥— 35V

order kinetic coefficient (min~"). The computed values
of “D” at various applied voltage values are also
given in Table 2 and it is compared with the experi-
mental data. The model predicted removal efficiency
of BCR is lesser than the values obtained from the
experiments. The error between experimental data and
model predicted data is maximum for 2V and mini-
mum for 3V and the difference between both values
is within 2.9 to 8.4%. This behavior is mainly due to
the difference in mixing characteristics of fluid parti-
cles having the same residence time. The particles
having the same residence time mix well in the reactor
but it will not mix well in the presence of other parti-
cles having different residence time, until they go out
from the reactor [31].

The specific energy conception (Q) of the continu-
ous EF system at various voltages also calculated
using Eq. (9).

)

where V is the applied voltage (V), I is the current
(A), t is the electrolysis time (hr), and m is the change
in dye concentration during the electrolysis (g).

The change in specific energy consumption as a
function of applied voltage and electrolysis time is
given in Fig. 4. The value of Q increased with the
increase in applied voltage and the electrolysis time.
The rate of increase in Q is also a function of electroly-
sis time and applied voltage. This increase in specific
energy consumption affects the cost of operation.

The operating cost for the electrolysis time of 3 hr
including energy and material costs was calculated and
the results are given in Table 2. Electrical energy price,
graphite plate cost, and ferric chloride cost were
considered as 0.06 US$/Wh, 0.07 US$/cm? and
0.008 US$/gm, respectively. From the table, it can be

Specific Energy Consumption (Wh/g)

10

Time (hr)

Fig. 4. Specific energy consumption as a function of elec-
trolysis time and applied voltage.

seen that the operating cost of BCR increases with an
increase in applied voltage and the values are comparable
with the operating cost of electrocoagulation [32].

3.2. Effect of solution pH

Solution pH plays an important role in the effi-
cient performance of EF process. This is mainly due
to the solubility behavior of iron species at the dif-
ferent pH values. At pH less than 3.5, solution con-
tains hi§her concentrations of Fe®*, Fe(OH)2+ , and
Fez(OH)ZJr than other iron species. Therefore, EF
process works effectively at pH less than 3.5. Solu-
tion pH higher than 3.5 contains more amount of
hydroxide complex than Fe’*. At these pH values,
electrocoagulation or sorption of pollutants on the
iron hydroxides occurs. Moreover, the pH 3 is
widely accepted as the optimum value for EF pro-
cess. From the point of H,O, production at cathode,
low solution pH is required for the generation of
H,O, on the cathode surface, due to the utilization
of protons in the solution. Fig. 5 depicted the RhB
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Fig. 5. Time course RhB concentration at various solution
pH values.

removal kinetics at different solution pH values of
2.5, 3 and 3.5 in BCR under continuous mode. The
obtained results also verified that the optimal pH of
EF process is 3. Increase and decrease in solution
pH from 3 decreased the dye removal efficiency of
EF process. RhB removal efficiencies of EF process
after 90 min of electrolysis at solution pHs of 2.5, 3,
and 3.5 were 63.9, 87.3, and 51.3%, respectively. Les-
ser dye removal efficiency of EF process at pH of 2.5
is mainly due to the evolution of hydrogen gas and
the production of oxonium ion and water. At lower
pH values, electrolytically in situ generated hydrogen
peroxide reacts with excess protons in the solution,
forms oxonium ions as in Eq. (10) [33]. Oxonium
ions are electrophilic and cause retardation in the
reaction rate between H,O, and Fe?" [34]. At the
same time, hydrogen gases are evolved at the cath-
ode surface as in Eq. (11) which leads to the
decrease in H,O, production rate [29]. Water forma-
tion at lower pH will occur in two ways—reduction
of hydrogen peroxide as in Eq. (12) and the reaction
of protons with oxygen as in Eq. (13) [29,35]. Also,
at lower pH values, iron forms stable complexes
with hydrogen peroxides [36]. These reactions reduce
the effective quantity of hydroxyl radicals, resulting
in the efficiency reduction of the EF system.

H,0, + H" — H;05 (10)
2H' +2e” — H, 1)
H,0, + 2H' +2e~ — 2H,0 (12)
O, +4H" + 4 — 2H,0 13)

3.3. Effect of catalyst concentration

Concentration of Fenton catalyst is an important
parameter affecting the production of hydroxyl radical
and, thus, efficiency of the EF process. In conventional
Fenton process, the ratio: concentration of Fe?* to
H,0; controls the overall efficiency of the system. But,
in EF process, the effect of concentration of iron spe-
cies is more than the concentration of H,O, on the
pollutant oxidation efficiency, as H,O, is continuously
produced at the cathode surface and depends on the
concentration of oxygen in the solution. In the overall
reactions, 0.5moles of oxygen produces 2moles of
hydroxyl radical [1], which indicates that the oxygen
required for the EF process is also very less. Therefore,
the production rate of H,O; is a constant for the same
operating conditions.

To optimize the catalyst concentration of EF pro-
cess, the removal of 50 mg/L RhB solution was carried
out in the presence of various Fe®* concentrations at
constant solution pH 3, inlet flow rate of 5mL/min
and applied voltage of 3.5 V. When the Fe®* concentra-
tion increased from 2.5 to 5mg/L, the RhB removal
efficiency of EF process under the continuous mode of
operation also increased from 53.5 to 73.5%. Further
increase in the catalyst concentration decreased the
dye removal efficiency of EF system. This indicates
that the optimal iron species molar concentration
required for the Fenton reaction in the presence of
electrolytic HyO, is 5mg/L. The increase in efficiency
of this electrolytic system with the increase in Fe’*
concentration from 2.5 to 5mg/L is mainly due to the
increase in hydroxyl radical production. At lower Fe**
concentration, the amount of Fe?* in the solution by
the cathodic regeneration is also less. This indicates
that the concentration of H,O, is very high at lower
catalyst concentration, since the production rate of
H,0; is constant and independent of iron species con-
centration. These excess H,O, reacts with the hydroxyl
radicals produced in the system as in Eq. (14) [37] and
reduce the efficiency of EF system since, the organic
compound oxidation ability of hydroperoxyl radical is
lesser than that of hydroxyl radicals [38].

HO' + H,0, — HO;, + H,O (14)

But, further increase in the catalyst concentration from
5 to 7.5 mg/L decreased the efficiency of the system to
65.7%. The negative effect at 7.5mg/L of catalyst con-
centration is mainly due to the scavenging reactions
(Egs. 15-17) occurred between hydroxyl radicals and
iron species in the electrolytic system during electroly-
sis [39]. With the increase in concentration of Fe’* at
solution pH 3, the concentration of hydroxide
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complexes of iron such as Fe(OH)] and Fe,(OH);"
also increases. These complexes attract towards the
cathode, leading to the formation a yellowish layer on
cathode surface. This reduces the effective pore vol-
ume required for the H,O, production and hence
reduces the efficiency of the system.

Fe’t + HO — Fe’* + HO™ (15)
Fe** + H,O, — FeO — OH?* + H* (16)
FeO — OH*" — HO; + Fe*" 17)

3.4. Effect of inlet flow rate

Inlet flow rate of pollutant is an important parame-
ter considered for the design of reactors for industrial
applications. It determines the capacity required for
the reactor for a specific volume of pollutant. With the
increase in inlet flow rate, the retention time of the
reactor decreases, this reduces the residence time and
results in efficiency reduction. To analyze the effect of
inlet flow rate on the efficiency of EF process in BCR
reactor, electrolysis were carried out at different flow
rates of 5, 10, and 15 mL/min and the obtained results
are depicted in Fig. 6. As can be seen from Fig. 6, the
dye removal efficiency of the EF process increased at
initial stages (up to 2hr) of electrolysis with the
increase in flow rate from 5 to 10 mL/min. These
results are in contrary with the above described con-
cepts. This behavior of EF process in BCR is mainly
due to the increase in collision between hydroxyl radi-
cals and RhB molecules. H,O, production in the EF
system is very high at the initial stages of electrolysis
and it will come to equilibrium in later stages [29].
This indicates that the production of hydroxyl radical
also follows the same. Also, the life time of the hydro-
xyl radical is very short and it will react spontane-
ously at the point of formation. From Fig. 6, it can
also be seen that the rate of removal of dye was
decreasing with an increase in the electrolysis time.
This result verifies the HO, and hydroxyl radical for-
mation profiles with electrolysis time. At the initial
stages of electrolysis, the concentration of pollutant is
very high and hydroxyl radical formed near cathode
can oxidize the pollutant easily. As the time passes,
the concentration of the contaminants decreases,
resulting in the reduction of collision rate between the
organic compound and hydroxyl radical, which will
decrease the removal rate with electrolysis time. With
the increase in the flow rate from 5 to 10 mL/min, the
pollutant concentration in the solution increases, leading

—&— 5 mbL/min

40 .
—&— 10 mL/min

—a&— 15 mL/min

Removal Efficiency (%)

20

Time (hr)

Fig. 6. RhB removal kinetics by EF process as a function of
inlet flow rate.

to an increase in the rate of collision between dye mol-
ecules and hydroxyl radicals, thus, the removal effi-
ciency of the system will improve. This result also
indicates that the production of H,O, in the EF system
is higher than that required for the flow rate of
5mL/min. But, further increase in flow rate from
10 to 15mL/min reduced the dye removal rate and
efficiency of the electrolytic system. The rate of RhB
removal at an inlet flow rate of 15 mL/min follows the
same trend as that of 5mL/min up to 1 hr of electroly-
sis. This also indicates that the pollutant removal
efficiency at 15mL/min flow rate is higher than that
at 5mL/min. The lesser efficiency at 15mL/min than
10 mL/min flow rate is mainly due to the insufficient
production of hydroxyl radical. Further results shows
that the removal efficiency remains constant with elec-
trolysis time. During these stages, the concentration of
the byproducts produced during the oxidation of RhB
is higher than that of dye molecule concentration. This
results in higher collision rate of hydroxyl radicals
with the byproducts than the dye molecules, leading
to lesser dye removal at later stages of the electrolysis.

4. Conclusions

EF treatment for 50 mg/L RhB solution at acidic
condition was carried out in a 3,000 mL BCR to investi-
gate the effects of operational parameters on the system
performance. RhB removal rate was increased with the
increase in voltage up to 3.5V and then decreased. The
rate of RhB removal followed pseudo-first-order
kinetics. Optimum solution pH and catalyst dosage
for the dye removal was found as 3 and 5mg/L,
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respectively. At the optimal conditions, 98% of the RhB
was effectively removed from the aqueous solution.
The dye removal efficiency of this system increased
with the increase in flow rate from 5 to 10 mL/min and
then decreased. Overall, EF process in BCR under con-
tinuous mode was found to be an effective way for the
removal of dyes from aqueous solution.
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