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PAPER INFO ABSTRACT

Chronicle: An Electro-flotation cell was designed for industrial wastewater treatment. The

Received: . . .

Revised: affecting parameters of the Electro-flotation process such as, pH, initial dye

Accepted: concentration, temperature, current density, current type, ionic strength, stirring speed

Available : and number, connection and inter-distance of electrodes were investigated using a
synthetic Acid Red 1 (anionic), Basic Violet 3 (cationic) and Disperse Blue 14

Keywords :

) (nonionic) dyes. Two textile wastewater samples were employed for performance
Electro-flotation . . . .

Dye removal. evaluation. The maximum removal for all dyes is achieved at pH 7. The AC current
Wastewater. and the bipolar electrodes were preferred. The maximum removal was achieved with
ggﬁtggs‘?gr']“ems' AC current density of 80 A/m? at 5 Volts through a bipolar connection of 8 electrode
with 2 cm inter-distance. The designed Electro-flotation cell could remove 91.7 —98.9
% of constituents of textile wastewater samples. The energy consumption was 1.39

Kwh/m? of the treated wastewater.

1. Introduction

With an ever increasing world population, textile production remains one of the prominent industries
that require large amount of water and produce highly polluted wastewater [1] which may cause severe
environmental pollution if they are released to the environment without any proper treatment [2]. The
dye stuff poses a major problem to industrial wastewater effluents [3]. The textile industry produces
5000 tons of dyeing materials that are discharged into the environment every year [4]. The treatment of
this colored wastewater is of great concern nowadays, because many dyes and their degradation
products are toxic and carcinogenic [5]. Generally, the treatment of the dyestuff effluents can be
classified into biological, chemical and physical treatments. Such techniques are generally multistep,
time consuming and require extensive equipment, chemicals and handling. To date, various methods
have been used for the removal of textile dye such as activated sludge process, flotation,
coagulation/flocculation, filtration, ozonation, photocatalysis, electrolysis and adsorption on activated
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carbon. Among all these processes, electro-coagulation has been found to be an attractive alternative
for the treatment of textile dyes [6-8].

Electro-flotation is a technology that combines the functions and advantages of conventional
coagulation, flotation and electrochemistry in wastewater treatment. Compared with conventional
flotation, electro-flotation has many advantages, firstly its fine bubbles which are uniformly dispersed
thus increasing the contact area between the flocks and bubble, making the clarification efficient and
fast. Secondly, it generates less sludge. Thirdly, it offers the possibility of automation and easy operation
by adjusting the electrical current. Electro-flotation units are small, compact and fast. It requires lower
maintenance and running costs. The main advantage of this method is not to use any chemicals for
treatment as conventional coagulation. It is not time consuming and sheep require extensive equipment
and handling [9-10]. The Electro-flotation process operates on the base of the principle that the cations
produced electrically from iron or aluminum anodes are responsible for the coagulation of contaminants
from an aqueous medium [11]. The flocculated particles attract by small bubbles of oxygen and
hydrogen generated from electrolysis of water, thus the flocculated particles float towards the surface
[12]. The most important parameters that can affect the electrochemical process is the current density.
The current not only determines the coagulant dosage rate but also the bubble production rate [13].
Anions such as sulfate and carbonate are passivizing agents, reduce the production of metal cations and
increase electrical consumption. Chloride ions induce breakdown of the passive layer and pitting
corrosion [14]. The stirring speed, temperature, and electrode's number and inter-distance and
connection mode are important parameters that can affect the electrochemical process and energy
consumption [15].

Madani et al. [16] studied the principal parameters (feed tension U, distance between electrodes D,
period of treatment t, pH and conductivity k) affecting the electro-flotation process using a simulated
model of wastewater. The application of the optimized parameters (U =20V, D =1 cm, t =20 min) on
an industrial wastewater derived from an Algerian velvet manufacture showed a high removal of
biological oxygen demand after 5 days (BOD5 = 93.5%), chemical oxygen demand (COD = 90.3%),
turbidity (78.7%), suspended solids (SS = 93.3%) and color (> 93%).

Electro-flotation of Acid Redl (anionic), Basic Violet 3 (cationic) and Disperse Bluel4 (nonionic)
dyes from aqueous solutions showed that, the maximum dye removal was achieved at pH 7. The order
of the dye removals are nonionic > cationic > anionic. The removal process follows pseudo first-order
kinetics. Freundlich and Langmuir isotherm models indicate that the adsorption is characterized by
physical and chemical adsorptions. The dimensionless equilibrium parameter, R, values were between
0 and 1, indicates favorable adsorption. The AH® and AG® values indicated that the process becomes
less favorable at high temperatures [17].

This study aims to determine the performance of designed Electro-flotation cell for treatment of textile
wastewater. The pH, initial dye concentration and temperature were investigated. The crystal violet dye
was selected to optimize the affecting parameters of Electro-flotation cell. The current density and type,
ionic strength, stirring speed and electrode number, connection and inter-distance were investigated.
Also, investigate the treatment performance for two textile wastewater samples.
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2. Materials and Methods
2.1. Chemicals

Acid Red 1 (anionic), Basic Violet 3 (cationic) and Disperse Blue 14 (nonionic) dyes of analytical
grade; 99.9% purity (Sigma-Aldrich and Merck) were used for preparation of synthetic dye solutionl.
The pH was adjusted by 0.01 M solutions of HCI and NaOH as required. The studied wastewater
samples were collected from a local textile dyeing factory. The textile effluents were employed to
evaluate the designed cell for treating industrial effluents containing dyes.

2.2. Procedure

A laboratory DC power supply apparatus (Farnell Instruments LTD) was used to maintain a constant
current. The voltage and current were measured by a multimeter (PHYWE). The pH and the temperature
were measured using a Hanna (HI-8314) pH meter connected to a combined electrode and comprising
a temperature sensor (HI-1217D).

An electrolytic cell with an anode and a cathode is basically what an Electro-flotation reactor consists
of. The conductive metal plates are commonly known as sacrificial electrodes. The designed reactor
composed of a plastic box of length 19.2 cm, width 5.2 cm and height 6.5 cm which is placed in a bigger
one of dimension 22 cm x 8 cm x 7 cm to collect floated flocks, Fig 1. A 600 ml of examined dye
solution was placed and stirred with a magnetic bar. A pair or more (up to four pairs) of commercially
obtained aluminum plates of size 6 cm x 5 cm x 0.15 cm immersed to a 6 cm depth with an effective
area of 62.5 cm? each was used as electrodes. The inter-electrode distance can be changed up to 6 cm.
Sodium chloride salt was added for preventing passivation on the aluminum electrode surface and to
reduce the resistance of the solution. The residual dye concentrations were determined by UV/Vis
spectrophotometer (LLG-UniSPEC 2).

The removal percent and the amount of adsorbed dye were calculated by Egs. (1) and (2), respectively
[18, 19]:

Co—Ct

Removal (%) = -
0

x 100. 1)

Where, Co and C; are the concentrations of dye solution (mg/L) at time of zero and t, respectively.

(Co-CV
=GV, @)

qe -

Where, g is the sorption capacity of Al (OH)s in (g/g), V is the volume of the dye solution in liter and
M is the mass of Al(OH)s in (g) which calculated by Eq. 3 [20]:

LtM,

m Al(OH); = —— €))

Where, | = current intensity (A), t = time (s), M = Molecular weight of aluminum hydroxide (g/mol),
z = number of electrons transferred in the reaction Al — AI®* + 3¢, F= Faraday’s constant (96500

Ch/mol).
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Characterization of the dye wastewater before and after treatment was evaluated using, COD
(Chemical Oxygen Demand), BOD (Biochemical Oxygen Demand), TS (Total Solid), TSS (Total
Suspended Solid), TOC (Total Organic Carbon) and heavy metal ions measurements according to
Standard Methods [21]. Turbidity was recorded on a 2100N IS Turbidity meter (Hatch). Color is
determined by visual comparison of the sample with known dilutions of a colored Platinum-Cobalt
stock solution [22].

Fig 1. Designed electro-flotation reactor

(1-Aluminum electrodes, 2-Flocks, 3-Magnetic bar, 4-Flocks outlet, 5-Treated water outlet & 6-Flocks Trap)

3. Results and Discussions

3.1. Effect of pH

The maximum removal for all dyes is achieved at pH 7, Fig 2. In neutral pH, Al (OH)s is stable and
insoluble in water and thus can absorb dyes from water. The order of the dye removal was nonionic >
cationic > anionic. The lower adsorption of anionic and cationic dyes as charged dyes may be due to
that the physical adsorption was predominating [23-24]. There is another mechanism may be occurred
in addition to simple adsorption mechanisms. The concentration of the aqueous complexes (polymeric
aluminum species: Als(OH)/**, Alo(OH)**, AI(OH),*, AIOH?") of the dissolved aluminum becomes
maximized between pH 5-7. The aluminum ions of these species act as electron acceptor for electron
pair donated by different dyes [25]. These polymeric species can form instantaneous agglomerates with
dyes as follows:

Dye + monomeric Al - [Dye-monomeric AlJs) . 4)
Dye + polymeric Al — [Dye- polymeric Al](s). (5)
Dye + AI(OH)n(s) — [Sludge](s) . (6)

[Dye-monomeric Alj(s) + [Dye- polymeric Alj(s) + Al(OH)n(s) — [Sludge](s). (7)

Increasing of initial dye concentration increases its adsorbed amount, Fig 3. The higher concentration
overcomes the resistance to mass transfer of dye between the aqueous phase and the adsorbent [26]. By
applying Freundlich model, it describes reversible adsorption (physical adsorption) and is not restricted
to the formation of the monolayer [27]:

Ing, = Ink, +%(ln C.). (8)

Where, ge is the amount of the dye adsorbed at the equilibrium time, Ce is the equilibrium
concentration of the dye in solution. The K:is the Freundlich isotherm constant and 1/n is the
heterogeneity factor which indicates the capacity and the intensity of the dye adsorption, respectively.
The values of "n" are greater than unity which indicates the favorable nature of adsorption, Table 1.
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Fig 2. Effect of initial pH on removal efficiency different dyes

3.2. Effect of Initial dye concentration

By applying Langmuir model it describes also that the adsorption occurs uniformly on the adsorbent
(chemical adsorption) [28]:

Ce Ce 1

=ty ©

de dmax  bdmax’

Where, C. is the dye concentration at equilibrium (mg/L), ge is the amount adsorbed of dye at
equilibrium in unit mass of adsorbent; gmax and b are the Langmuir coefficient.

Treating Time = 10 min
pH=7

—@— Non-ionic dye
—i— Cationic dye
—&— Anionic dye

Adsorption density, g/g (dye/Al(OH),)
w

0 200 400 600 800 1000
Initial Concentration, mg/L

Fig 3. Effect of initial dye concentration on the adsorption by Al(OH)s
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Table 1. Calculated constants for freundlich and langmuir isotherms

Freundlich isotherm Langmuir isotherm
Dye R2 n Kf R2 qmax Qmax Exp. b
Cal.
Nononic 0986 2469  57.18<10% 5 625 566  23.79x10°
Cationic 0.978 1.667 13.44x107 01'99 6.33  4.68 6.29x1073
Anionic 0.981 1.455 5.35x107? 01'98 599 3.70 2.99x1073

3.3. Effect of temperature and thermodynamic study

Fig 4 shows that with increasing the temperature decreases the removal efficiency. This behavior
indicates that this process is an exothermic process [29]. The thermodynamic parameters; Gibbs free
energy change (AG®), enthalpy change (AH®), and entropy change (AS®); for the sorption of dyes were
calculated to evaluate the thermodynamic feasibility and the spontaneous nature of the process. The
change in enthalpy (AH®) and entropy (AS®) were calculated using the van’t Hoff equation [30].

AS"  AH®

InK, = ——

R RT *

(10)

Where, ke = Fe/(1 — Fe), and Fe = (Co — Ce)/Co, T is the temperature in degree K, and R is the gas
constant [8.314 J/mol K]. The values of AH® and AS° have been computed from the slope and the
intercept of the plot of In k. versus 1/T, Fig 5, which gives a straight line with an acceptable coefficient
of determination (R > 0.97).

From the plot of 1/T against In k¢, Slope = -AH®/R and Intercept = AS°/R. The values of AH® are -
41.9, -43.3 and -48.9 kJ/mol for Nonionic, Cationic and Anionic dyes, respectively. The negative values
of enthalpy changes (AH®) suggest that the reactions are exothermic and their higher values than 40
kJ/mol, confirming extent of some chemical actions with Al (OH)s flocks [31]. The negative values of
AS° (-121, -134 and -159) showed that the decreasing in randomness at the solid/liquid interface during
the adsorption, indicated the adsorption was not favorable at higher temperatures. The values of the
standard Gibbs free energy change (AG®) were estimated using equation 11. The values of AG® at all
tested temperatures are negative which indicate that this adsorption process is spontaneous in nature
whereby no energy input from outside of the system is required. The increase in the AG® with increasing
temperature indicates that the process becomes less favorable at high temperatures [32].

AG® = -RTInKc (11)
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Fig 4. Effect of temperature on the removal efficiency of different dyes
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Fig 5. Effect of temperature on the removal kinetic of different dyes

3.4. Effect of current density

Fig 6 shows that increasing the current density up to 80 A/m? increased the removal efficiency and
reduced the treatment time from 60 to 5 min. Current density probably has some influence on the
chemical dissolution of aluminum cathode, as it affects the rate of hydroxyl ions production at the
cathode [33]. The increase in the removal efficiency could be explained by greater percentage of
destabilized dye molecules, as a result of charge neutralization with more aluminum species released
from the electrodes with increasing current density with more aluminum species released from the
electrodes with increasing current density. In addition, at higher current density more aluminum
hydroxide form low density flocks. The current not only determines the coagulant dosage rate, but also
the bubble production rate [13]. Researchers stated that the bubble size distribution is a function of the
current density for a given electrode [34]. More studies showed that with an increase in the current
density, the bubble diameter decreases [35]. Small bubbles have a higher probability of providing a
smaller contact angle, which produces more stable aggregates [36]. Furthermore, the detention time of
small bubbles in the flotation unit is longer than that of larger bubbles as they have a lower rising
velocity. This promotes the probability of collision between gas bubbles and flocks [37].
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3.5. Effect of ionic strength

Greater ionic strength increases the conductivity and thus increases the current density for the same
cell voltage. Fig 7 shows that the increase in sodium chloride concentration added (ionic strength)
increased the removal efficiency [38]. An increase in conductivity decreased the resistance between
electrodes and therefore more aluminum ions could be produced at the same energy input. As increasing

in conductivity, the energy requirement increased at the same voltage.

Removal %

100 |
80
60
40 -
. o
Crystal Violet Dye = 500 mg/l e g?g OZ
20| Current density = 16 A/m’ A 0‘20 9%
Temperature = 25°C R
Voltage =5 V V- 0.30%
=7 —O— 0.40%
e . ! 1 1 L N
0 10 20 30 40 50 60

Fig 7. Effect of ionic strength on dye removal as a function of treatment time

Time, min

3.6. Effect of stirring speed

Fig 8 shows that the increase in the stirring speed from 0 to 100 rpm increased the removal efficiency
from 11.4% to 36.2% at 10 min and from 47% to 69.2% at 40 min. The increasing of stirring speed
provides a significant gain on the kinetics of electro-coagulation and thus the distribution of coagulants
becomes larger. Thus, the flocks were formed and attached together and flotation took place easier.
With further increase in the stirring speed up to 500 rpm, the flocks were degraded, desorption started
and removal efficiency decreased. By doing this experiment, the optimum stirring speed was found to

be 100 rpm.
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Fig 8. Effect of treatment time on dye removal as a function of stirring speed

3.7. Effect of electrodes inter-distance

The electrolysis voltage required in an Electro-flotation process is mainly from the resistance drop of
the aqueous phase, particularly when the conductivity is low and the current density is high. Therefore,
it is important to reduce the inter-electrode distance for reducing the electrolysis energy consumption
[15]. Fig 9 shows that the decreasing of space between electrodes increased the removal efficiency. This
can be explained by noting that the decreasing of the space between electrodes reduces the resistance
through the solution which increased the rate of aluminum dissolution and consequently leads to more
pollutant removal from the solution [15]. In addition, decreasing of the space could enhance the flotation
process by limiting the generated bubbles in a narrow space which results in higher removal efficiencies.

This effect is inversed with a very narrow inter-distance. The removal efficiency was decreased at gap
of Lcm.

100 F
80 [
c\° 60
©
>
o
£
]
40}
Crystal Violet Dye = 500 mg/I
Temperature = 25°C —— 1cm
20 + Voltage =5V —&— 2cm
NaCl=0.2 % —A— 4cm
pH=7 —w— 6cm
0 . | . . L .
0 10 20 30 40 50 60
Time, min

Fig 9. Effect of inter-electrode distance on dye removal as a function of treatment time

3.8. Effect of current type

Fig 10 shows that the DC and AC current can remove dye with similar efficiencies. There is
significant difference with long treatment time. In addition, the difference was significant at low current
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density. The lower rate of dye removal with DC current may be due to passivation of the anode. On the
other hand, the energy consumption is slightly lower with AC.
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R 60l
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>
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£
[}
O 40
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= 95D,
et e t6am 0o
20 - NaCl=0.2 % —O— 16 Am® AC
pH=7 —m— 48 A/m° DC
—{— 48 A/m”* AC
ot . . . . \ )
0 10 20 30 40 50 60
Time, min

Fig 10. Effect of current type on dye removal as a function of treatment time

3.9. Effect of numbers of electrodes

Fig 11 shows that the removal efficiency increased with increasing number of electrodes up to 8 (4
pairs). A 91.1% removal was obtained with 8 electrodes after 5 min while it was 55 % only with 2
electrodes. The highest removal efficiency of 97.6 % was obtained with 8 electrodes after 60 min. On
the other hand, the maximum removal efficiency with 2 electrodes after 60 min was 87.8 %.

The addition of new electrodes provides a significant gain on the kinetics of electro-coagulation. The
use of eight electrodes reduces the time of Electro-flotation from 60 to 5 min. This can be explained by
the increase of the electrode area exposed to the solution. In addition, the use of higher number of
electrodes reduces solution resistance, increases aluminum dissolution rate and generates more gas
bubbles in a narrow space. Therefore, the distribution of coagulants becomes larger. This reaction
occurs without additional power consumption and less energy consumed [19].

100 f

80 |-

60

Removal %

40

Crystal Violet Dye = 500 mg/l

Inter-distance = 2 cm —@— 2 electrodes

20 | Temperature = 25°C —— 4 electrodes
Voltage =5V —A— 6 electrodes
NaCl=0.2 % —w— 8 electrodes
pH=7

0 . L . . . .
0 10 20 30 40 50 60
Time, min

Fig 11. Effect of number of electrodes on dye removal as a function of treatment time
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3.10. Effect of electrodes' connection

An arrangement and connection of the Electro-flotation reactor with monopolar electrodes or bipolar
electrodes is shown in Fig 12 [33]. In bipolar, the neutral sides of the connected plate will be transformed
to charged sides, which have opposite charged compared to the parallel side beside it. The sacrificial
electrodes are referred to as bipolar electrodes [35]. Fig 13 shows that the dye removal in the bipolar
connection was higher than that of the monopolar connection at 5 min with 10 %. The highest removal
efficiency of 99.2 % was obtained with the bipolar connection of 6 electrodes after 60 min. On the other
hand, the maximum removal efficiency with the monopolar connection was 94.8 %. This can be
explained by the decreasing passivation of electrodes as a result of polarity reversal [36].

Bipolar Monopolar

+ Power Supply —

+ Power Supply —

+ + + 4
I I A |
+ + + + + + + + +
+ o+ + + o+ o+ + 4
|
4
o+ + t t ot ottt
I
|
+
+ o+ + + F ot ot + +
|
+

Fig 12. Connection and electrode’s polarity in: (a) bipolar & (b) monopolar systems
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Removal %

40

Crystal Violet Dye = 500 mg/I
Inter-distance = 2 cm —@— Monopolar 4 electrodes

20 b Temperature = 25°C —O— Bipolar 4 electrodes
Voltage =5 V —m— Monopolar 6 electrodes
NaCl=0.2 % —— Bipolar 6 electrodes
pH=7

ot ) L L L . L
0 10 20 30 40 50 60
Time, min

Fig 13. Effect of electrodes' connection on dye removal as a function of treatment time

3.11. Kinetic investigations

The results of color removal at the optimum conditions as a function of Electro-flotation time were
used to investigate the kinetics of the process. The results of the residual color of dye could be fitted to
second order kinetic equation with correlation coefficients of 0.9836, Fig 14.
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Fig 14. Second order kinetic analysis for electro-flotation unit based on color removal
3.12. Application on textile effluents

The designed Electro-flotation reactor, Fig 1, was employed to treat two wastewater samples which
were collected from a local textile dyeing factory. These effluents contained different types of dyes and
chemical depending on the dying processes at the factory. The treatment process was carried out as a
batch process for 10 min at 25°C, 5 Volts, stirring speed 100 rpm and 80 A/m? of AC-current through
a bipolar connection. The inter-electrodes distances were 2 cm. Table 2 showed that the removal
efficiency of all constituents was in range from 91.7 — 98.9 % for both industrial effluents.

The electrical energy consumption E is calculated using equation 2 [37]:

U.I.t
\'

E =

x 1073, (12)

Where, U is the operating voltage (volt), | is the operating current (amperes), t is the time of treatment
(hours), and V is the volume of wastewater (m?3).

The electrical energy consumption for treatment of the studied industrial effluents at latter conditions
was 1.39 kWh/m?. It is acceptable with those calculated by other scientists. The energy consumption
for treatment of washing soil contaminated by heavy metals was 14 kWh/m? [38], while for removal of
arsenic and organic matter it was 1.7 KWh/m? [19].

Table 2. Evaluation of designed electro-flotation reactor for textile effluent treatment

Constituent Wastewater 1 Wastewater 2
Untreated Treated Removal Untreated Treated Removal
% %
pH 8.3 8.6 -- 7.9 8.4 --
TS, mg/l 4592 243 94.7 2645 61 97.7

TSS, mg/l 286 3.12 98.9 192 2.3 98.8
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TOC 197 16 91.9 413 28 932
CoD 963 75 92.2 591 37 93.7
BOD 132 11 91.7 217 16 92.6

Color (Hazen) 164 6.3 96.1 428 25.3 94.0

Fe 3.1 0.20 93.6 1.8 0.10 94.4

Zn 12 0.08 933 2.8 0.21 92.5
Turbidity 279 2.9 98.9 168 1.8 98.9
(NTU)

4. Conclusions

The affecting parameters of Electro-flotation process for the designed cell showed that, the maximum
removal for all dyes is achieved at pH 7. The order of the dye removal was nonionic > cationic > anionic.
Increasing of current density and ionic strength increased the removal efficiency while increasing the
temperature and space between electrodes decreased the efficiency. The negative values of (AH®)
suggest that the reactions are exothermic and their higher values than 40 kJ/mol, confirming extent of
some chemical actions with Al (OH)s flocks. The negative values of AS® indicating that the decreasing
in randomness at the solid/liquid interface during the adsorption. The values of AG® were negative
which indicate that this adsorption process is spontaneous in nature whereby no energy input from
outside of the system is required. Increasing the AG® with temperature indicates that the process
becomes less favorable at high temperatures.

Increasing of initial dye concentration increases its adsorbed amount. Increasing the current density
up to 80 A/m? increased the removal efficiency due to decreasing the bubble diameter which produces
more stable aggregates and promotes the probability of collision between gas bubbles and flocks. The
stirring provides a significant gain on the kinetics of Electro-flotation and thus the flocks were formed
and attached together and flotation took place easier. Decreasing space between electrodes reduced the
resistance and enhanced the flotation process by limiting the generated bubbles in a narrow space. The
DC current causes passivation of the anode, thus AC current is preferred. The use of eight electrodes
reduced the time of Electro-flotation from 60 to 5 min. The bipolar electrodes increase the removal
efficiency than that of monopolar electrodes connection.

The designed Electro-flotation cell could treat dyeing effluents. The removal efficiency of 91.7 — 98.9
% for all constituents was achieved at 25°C, 5 Volts, stirring speed 100 rpm, 10 min and 80 A/m? of
AC-current through a bipolar connection with inter-electrodes distances of 2 cm. The electrical energy
consumption was 1.39 kWh/m?,
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