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Abstract: The performance of electro-flotation with aluminum electrodes for the removal of different
dyes from synthetic aqueous solutions and real wastewater was studied. Parameters affecting the
electro-coagulation-flotation process, such as pH, initial dye concentration, treatment time and
temperature were investigated. The maximum dye removal from synthetic solutions was achieved at
pH 7. The order of the dye removals is nonionic>cationic>anionic. The removal process follows
pseudo first-order kinetics and the adsorption follows both physical and chemical adsorptions which
is exothermic. Negative values of entropy change, AS°, and Gibbs free energy change, AG®, indicate
that this adsorption process is spontaneous and less favorable at high temperatures. Treatment of a
real wastewater from textile dyeing factory showed that the removal efficiency was ranging between
92-99% for all constituents. The energy consumption is 0.0167 kWh/dm?.
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1. Introduction

Many industries, such as textile, paper, printing, leather, food, cosmetics, etc., use dyes to color their
products, which generate a considerable amount of colored wastewater. The dyeing material poses a
major problem to wastewater sources (Sleiman et al., 2007; Shah et al., 2013). Textile industry produces
5000 tons of dyeing materials and they are discharged into the environment every year. These
poisonous materials absorb the oxygen from water (Mahmoodi et al., 2009; Pirkaramia et al., 2013).
Nowadays, treatment of colored wastewater is of a great concern, because many dyes and their
degradation products are toxic and carcinogenic, posing a serious hazard to aquatic living organisms
(Garg et al.,, 2004; Crini et al.,, 2006). Generally, treatment of dye effluents can be classified into
biological, chemical and physical treatment. Among all these processes, electrocoagulation or electro-
flotation is a very well-known electrochemical technique, and has been found to be an attractive
alternative for the treatment of textile dyes (Muthukumar et al., 2010; Morsi et al., 2011; Al-Shannag et
al., 2012; Lemlikchi et al., 2012).

Electro-flotation is an emerging technology that combines the functions and advantages of
conventional coagulation, flotation, and electrochemistry in wastewater treatment. Electro-flotation
was studied extensively in the latter half of the 20th century, but at that time, it was not found to be
widely feasible for water treatment. This was mainly due to the high electricity and investment costs
(Chen, 2004). Meanwhile, the demand for high quality drinking water is increasing globally.
Therefore, it has become necessary to develop more effective treatment methods for water purification
and enhance the operation of current methods (Ville et al., 2013). Electro-flotation has many benefits
as, compatibility, amenability to automation, cost effectiveness, energy efficiency, safety, and
versatility (Abdel Khalek et al., 2003; Nandi et al., 2017).

The electro-flotation process operates on the basis of the principle that the cations produced
electrically from iron or aluminum anodes which is responsible for the coagulation of contaminants
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from an aqueous medium (Chaturvedi, 2013). The consumable metal anodes are used to continuously
produce polyvalent metal cations in the region of the anode. These cations neutralize the negative
charge of the particles moved towards the anodes by polyvalent cations from the anodes (iron or
aluminum) (Ahmed et al., 2015). The process involves formation of coagulants by destabilization of
the contaminants and aggregation of the destabilized phase to form flocks. Destabilization of
contaminants would take place through compression of the diffuse double layer around the charged
ions by anodic counter ions. These counter ions neutralize ionic species in the wastewater and reduce
the electrostatic repulsion so that Van der Walls attraction predominates hence coagulation occurs
which approach to the zero net charge (Elksibi et al., 2014). The flocculated particles are attracted by
small bubbles of oxygen and hydrogen generated from electrolysis of water. Thus the flocculated
particles float towards the surface (Sahu et al., 2014). Other physiochemical and electrochemical
processes were also reported (Thirugnanasambandham et al., 2013 and 2014; Vasudevan et al., 2014).

This paper investigated the kinetics and thermodynamics of electro-coagulation-flotation of
different dyes, such as anionic, cationic and nonionic from synthetic aqueous solutions and a real
wastewater from textile dyeing factory.

2. Materials and Methods

2.1. Chemicals

Acid Red 1 (anionic), Basic Violet 3 (cationic) and Disperse Blue 14 (nonionic) dyes were of an
analytical grade; 99.9% purity (Sigma-Aldrich and Merck). Their chemical structures are presented in
Fig.1. The pH was adjusted by 0.01 M solutions of HCl and NaOH when required. The real
wastewater was obtained from a textile factory.
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Fig. 1. Chemical structures of different dyes used in this study

2.2. Procedure

A laboratory model DC power supply apparatus (Farnell Instruments LTD) was used to maintain a
constant DC current. Voltage and current were measured by a multimeter (PHYWE). The pH and the
temperature were measured using a Hanna (HI8314) pH meter.

Table 1. Chemical composition of 5052 aluminum alloy

Element %
Magnesium 2.47
Chromium 0.23
Copper 0.06
Iron 0.34
Manganese 0.07
Silicon 0.19
Zinc 0.04
Aluminum 96.6

Electro-coagulation-flotation was conducted in a cylindrical glass cell of 400 cm? in which aliquot
solutions of 300 cm® were placed and slowly stirred with a magnetic bar at 120 rpm. Schematic
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diagram of electro-coagulation-flotation cell is provided in Fig. 2. In the experiments, a pair of
commercially obtained aluminum plates (alloy 5052) of size 6 cm x 5 cm x 0.5 cm are used, immersed
to 6 cm depth with an effective area of 30 cm? Chemical composition of the used alloy can be seen in
Table 1. The inter-electrode distance was 4 cm. A 0.2% KCl was added for preventing passivation on
the aluminum electrode surface and decreasing excessive ohmic drop in the solution. The residual dye
concentrations were determined by UV /Vis spectrophotometer (LLG-UniSPEC 2).

Fig. 2. Schematic diagram of electro-coagulation-flotation cell

The removal percent and the dye amount adsorbed on Al(OH)3 (qe) were calculated by Equations 1
and 2, respectively (Hunsom et al., 2005; Mohora et al., 2012):

Removal (%) = 2=t x 100, 1)

Co
where Cp and C; are the concentrations of dye solution (mg/dm?3) at time zero and t, respectively and:

4 =, @
where g, is the sorption capacity of AI(OH); in g/g, V is the volume of the dye solution in L and M is
the mass of AI(OH); in g which calculated by (Konstantinos et al., 2011):

m Al(OH); ===, ®3)
where [ is current intensity (A), ¢ is time (s), M is molecular weight of aluminum hydroxide (g/mol), z
is the number of electrons transferred in the reaction Al — Al3* + 3e, and F is the Faraday’s constant
(96500 Cb/mol).

Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD) is an empirical test
that determines the relative oxygen requirements of wastewater, effluent and polluted waters using
the respirometric method. The sample bottle is connected to a pressure sensor in a closed system. As
bacteria consume oxygen in the sample the pressure in the bottle drops. This pressure change
correlates directly to BOD. The most common BOD test consists of a 5-day period in which a sample is
placed in an airtight bottle under controlled conditions temperature (20°C + 1°C), keeping any light
from penetrating the sample to prevent photosynthesis. TS (Total solid), TSS (Total suspended solid)
and heavy metals were measured according to Standard Methods (Cleceri et al., 1998). Total solids are
measured by evaporating all of the water out of a sample and weighing the remaining
solids. Suspended solids are measured by passing sample water through a filter. The solids caught by
the filter, once dried, are the suspended solids. Heavy metals were measured by Perkin Elmer,
AAanalyst atomic absorption. Turbidity was recorded on a 2100N IS Turbidimeter (Hach). Color was
determined by absorption scan (190-350 nm) using UV/Vis-Spectrophotometer (LLG-UniSPEC 2)
(APHA, 1992).

3. Results and discussion
3.1. Effect of pH

The pH is an important factor for removal efficiency of dyes, so the initial pH was investigated for its
effect on the removal percentage. The removal mechanism of pollutants is based on their adsorption
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on the Al(OH)s flocs. Fig. 3 shows that the pH affects AI(OH)s stability in the solution (Basiri Parsa et
al., 2011). It demonstrates different forms of AI(OH)s relative to the pH and concentration of Al3* ions
in the media (Jiang et al., 2002). In the high and low pH, Al(OH)s3 is in its charged form and is soluble
in water, hence, cannot be used for electro-coagulation-flotation. But in neutral pH, Al(OH); is stable
and insoluble in the water and available for pollutant adsorption from water.

0
-1 Al* IAI(OH)J (amorphous)l
2.

3] AIOH?*

i? P AI(OH)

3 Alo*

< .6

I

0 .74
$ Al(OH); (aq)

29
-10 T T T T T T T T T

—
0 2 4 6 8 10 12 14
pH

Fig. 3 Activity-pH diagram for Al3* species in equilibrium with AI(OH); (Basiri Parsa et al., 2011)
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Fig. 4. Effect of initial pH on removal efficiency different dyes

Fig. 4 shows that the maximum removal efficiency for all types of dyes is achieved at pH 7. The
removal efficiency remains high and almost constant in the pH range 7-11 for cationic dye due to the
degradation of the dye at higher pH (Jiang et al., 2002). The lower removal efficiency at strong acidic
medium is due to the higher solubility of Al(OH)s which is not useful for water treatment (Adhoum
and Monser, 2004). The removal mechanism of dye molecules is based on their adsorption on the
Al(OH)s flocs. There is another mechanism may be occurred in addition to simple adsorption
mechanisms. The concentration of the aqueous complexes (polymeric aluminum species: Al3(OH)4°*,
Al (OH)»**, AI(OH)2*, AIOH?*) of the dissolved aluminum becomes maximized between pH 5-7. The
aluminum atom of these species acts as an electron acceptor for an electron pair donated by different
dyes (Othman and Chmielewski, 2010). These polymeric species are physicochemically/chemically
reactive and they form instantaneous agglomerates with dyes as follows:

Dye + monomeric Al — [Dye-monomeric Al]
Dye + polymeric Al — [Dye- polymeric Al]
Dye + Al(OH)ne — [Sludge](s)
[Dye-monomeric Al]e) + [Dye- polymeric Al]) + AI(OH)ns) — [Sludge]s

The results indicated that the order of removal efficiency for different types of dyes was as follows:
nonionic > cationic > anionic. The lower adsorption of anionic and cationic dyes as charged dyes
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could be attributed to a more dominant physical adsorption mechanism rather than a chemical
adsorption. On the other hand, the removal efficiency increases with decreasing molecular weight.
From Table 2, the adsorption of one mole of each type of dye means that the relative removal by mass
was; 1 - nonionic, 2 - cationic, 2.5 - anionic.

Table 2. Chemical composition, molecular weight and type of different dyes

Type Name Composition Mol Wt
Anionic Acid Red 1 C18N3075:H13Na» 493
Cationic Basic Violet 3 C2sN3H30Cl 407
Nonionic Disperse Blue 14 C16N202H14 266

3.2. Effect of treatment time and kinetic study

Fig. 5 shows the equilibrium concentrations for different dyes as a factor of treatment time. The rate of
dye removal for different types of dyes was as follows: nonionic>cationic>anionic. It is clear that the
initial dye concentration of 200 mg/L was reduced to 0.3, 1 and 2 mg/L after 60 min for nonionic,
cationic and anionic, respectively. Thus, there is no significant difference between maximum removals
for all types of dyes.

In order to investigate the mechanism of removal process, particularly potential rate-controlling
step, the pseudo-first-order and the pseudo-second-order kinetic models were used to test the
dynamic experimental data. The integrated rate law solutions for first and second order expressions
are different functions but all can be written in the form of a straight line. This means that the plot of
the concentration as a function of time for each expression below should yield a straight line for the
correct order.

Pseudo-first-order model In[C,] = In[C,] — K t 4)
Pseudo-second-order model 1/[C.] = 1/[C,] + K5t (5)

Here, C, is the equilibrium dye concentration at time t (the residual concentration of dye) and G, is
the initial dye concentration. The K; and K; are the rate constants for Pseudo-first-order and Pseudo-
second-order models, respectively.
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Fig. 5. Effect of time on equilibrium concentration of different dyes

Fig. 6 shows the plot of In[Cc] versus ¢t which gives a straight line as per pseudo-first-order
adsorption kinetics which allows computation of the rate constant K:; with high linear regression
coefficient (R?) > 0.93 suggest that the dye removal process follows pseudo first-order kinetics, seen in
Table 3.

Fig. 7 shows that the plot of 1/[C] versus time t gives a straight line as per pseudo-second-order
adsorption kinetics which allows computation of the rate constant K> with very poor linear regression
coefficient (R?) of 0.51-0.58 which suggests that the dye removal process doesn't follow pseudo
second-order kinetics, Table 4.
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Fig. 6. Plotting of pseudo-first order model
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Fig. 7. Plotting of pseudo-second order model

Table 3. Pseudo-first order model constants

Item Nonionic dye Cationic dye Anionic dye
R2 0.9253 0.9411 0.9707
Intercept = In [Co] 4.5497 5.0224 5.2303
Slope = -K;4 -0.0922 -0.0734 -0.0678
Ky 0.0922 0.0734 0.0678

Table 4. Pseudo-second order model constants

Item Nonionic dye Cationic dye Anionic dye
R2 0.5543 0.5159 0.5849
Intercept =1/Co -0.4554 -0.1296 -0.0633
Slope = K; 0.0383 0.0111 0.0058
K 0.0383 0.0111 0.0058

3.3. Effect of initial dye concentration and isotherm analysis

The effect of initial dye concentration on their adsorption by aluminum hydroxide floc, AI(OH)s, is
shown in Fig. 8. The adsorption capacities of adsorbent increased with increasing the equilibrium dye
concentration, as the increasing concentration gradient overcomes the resistance to mass transfer of
dye between the aqueous phase and the adsorbent (Bhattacharyya and Gupta, 2006).

The most appropriate method in designing the adsorption systems is to have an idea about the
adsorption isotherm. Two equilibrium isotherm equations are used to find out the relation between
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the equilibrium concentrations of the adsorbate in the liquid phase and in the solid phase. These
isotherms are as follows.

3.3.1. Freundlich isotherm

Freundlich model is applied to describe a heterogeneous system characterized by a heterogeneity
factor of 1/n. This model describes reversible adsorption and is not restricted to the formation of the
monolayer. It can be written as (Perez-Marin et al., 2007):

Ing. = Inks+ % (Inc,), (6)

where ge is the amount of the dye adsorbed at the equilibrium time, Ceis the equilibrium concentration
of the dye in solution. Kris the Freundlich isotherm constant and 1/ is the heterogeneity factor which
indicate the capacity and the intensity of the dye adsorption, respectively. The isotherm constants can
be calculated from the intercept and slope of the plot between In g. and In Ce.

Fig. 9 shows the fitting of results on Freundlich isotherm. The values of "n" are greater than unity
which indicates the favorable nature of adsorption, Table 5. Thus, it describes a heterogeneous system
characterized by physical adsorption (Demiral et al., 2008).
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Fig. 8. Effect of initial dye concentration on the adsorption by Al(OH)3

Table 5. Freundlich isotherm constants

Item Non-ionic Cationic Anionic
R2 0.9860 0.9784 0.9814
Slope (1/n) 0.4050 0.5999 0.6871
N 2.469 1.667 1.455
Intercept (In ki) -0.5589 -2.0072 -2.9275
K¢ 57.18x10-2 13.44x10-2 5.35x10-2
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Fig. 9. Fitting of results on Freundlich isotherm
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3.3.2. Langmuir isotherm

According to Langmuir model, adsorption occurs uniformly on the adsorbent and no further
adsorption can take place at this site (El-Hamshary et al., 2007). The linearized form of Langmuir can

be written as (Perez-Marin et al., 2007):

Ce _ Ce 1

%0 mar * bamat 7
where C. is the concentration of dye in solution at equilibrium (mg/L), g. is the amount of dye at
equilibrium in unit mass of adsorbent, guu.x and b are the Langmuir coefficient related to adsorption
capacity and adsorption energy respectively. These were determined from the slope and intercept of
the plot of C/g. against C, as shown in Fig. 10. The Langmuir model fits the data for all dyes. Thus, it
also represents a monolayer sorption process as chemical adsorption. The maximum adsorption
capacity of gua, and constant are related to the binding energy of the sorption system, b. Calculated

results are presented in Table 6.
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Fig. 10. Fitting of results on Langmuir isotherm

Table 6. Langmuir isotherm constants

Item Non-ionic Cationic Anionic
R2 0.9898 0.9907 0.9809
Slope (1/ Gimax) 0.1600 0.1579 0.1669
Intercept (1/b.Guax) 6.7259 25.0743 55.7924
gmax (Calculated) 6.25 6.33 5.99
gmax (Experimental) 5.66 4.68 3.70
b 23.79x1073 6.29x1073 2.99x1073

Table 7. The dimensionless equilibrium parameter, RL

b—> 23.79x1073 6.29x1073 2.99x1073
Cod R
ppm Non-ionic Cationic Anionic
100 0.2959 0.6139 0.7698
200 0.1737 0.4429 0.6258
400 0.0951 0.2844 0.4554
600 0.0655 0.2095 0.3579
800 0.0499 0.1658 0.2948
1000 0.0403 0.1372 0.2506

A further analysis of the Langmuir equation can be made on the basis of a dimensionless

equilibrium parameter, Ry, also known as the separation factor, given by (Demiral et al., 2008):

1
Ry = (1+bCo)’ ®)
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where b is the Langmuir constant and C, is the initial dye concentration. Calculated R, parameters are
presented in Table 7. If the average of the Ry, values for each of the different initial concentrations used
is between 0 and 1, it indicates a favorable adsorption (Demiral et al., 2008).

3.4. Effect of temperature and thermodynamic study

The dependence of the removal efficiency to temperature is shown in Fig. 11. It shows that, with
increasing temperature, the removal efficiency decreases. This behavior indicates that this process is
an exothermic process (El-Hamshary et al., 2007).

The thermodynamic parameters; Gibbs free energy change (AG°®), enthalpy change (AH®), and
entropy change (AS°); for the sorption of metal ions by AI(OH)s at various temperatures 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 given in
Equation 9 (Martell et al., 1977):

A" AH
In KC = = 'R (9)
where k. = F./(1 - F), and F. = (C, = C)/C,, T is the temperature in 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. vs. 1/T as seen in Fig. 12 which gives a straight line with an acceptable coefficient of
determination (R? > 0.97), Table 8.

From the plot of 1/ T against In k., the slope is (- AH°/R) and the intercept is 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); floc (Alkan et al.,
2004).

The negative value of AS°® shows decreasing randomness at the solid/liquid interface during the
adsorption, indicating the adsorption was not favorable at higher temperatures.

The values of the standard Gibbs free energy change (AG°) were estimated (Table 9) using the
following equation:

AG° = —RTInK,. (10)

For nonionic dye, 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. The values of AG® for cationic dye at 25 and 40°C are also negative.
However, they are positive at 60 °C and above which indicate that this process is not spontaneous and
energy input from outside of the system is required. On the other hand, for anionic dye, the values of
AG? are positive at all temperatures except at 25 °C which indicate that this process is not spontaneous
and becomes less favorable at high temperatures (Aksu et al., 2004).
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Fig. 11. Effect of temperature on the removal efficiency of different dyes
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Table 8. Thermodynamic parameters; enthalpy change, AH®, and entropy change, AS°®

Item Nonionic dye Cationic dye Anionic dye
R2 0.999542 0.973302 0.981375
Slope 5039 5204 5877
Intercept -14.59 -16.23 -19.20
AH° KJ/mol -41.9 -43.3 -48.9
AS° -121.3 -134.9 -159.6

Table 9. Gibbs free energy change (AG°®)

Temp., °C . A.Go. -
Nonionic Cationic Anionic

25 -5732.11 -2721.86 -953.12
40 -3945.84 -1329.24 786.669
50 -2808.95 0.0000 2275.35
60 -1473.42 1414.18 4292.93
70 -285.45 3526.98 6265.75

3.5. Effect of temperature and thermodynamic study

The aim of application part is to investigate the performance of the electro-coagulation-flotation
process to treat a real waste water which contains soluble dyes. Many researches proved that this
process can treat synthetic solutions of some types of dyes while it is not applicable for real industrial
waste water (Azam and Mohammad, 2014). In order to test its application, the wastewater from a local
textile dyeing factory was used. The wastewater was treated at the optimum conditions of synthetic
solutions. The natural pH of the wastewater was 8.3 so; it was adjusted to pH 7 using HCI solution
before its treatment. The textile wastewater contains a mixture of dyes, iron, and zinc. Table 10 shows
the evaluation of treated wastewater at an operating voltage of 30 V and at an electric current of 1 A
for 10 minutes at pH 7 and 25 °C. The floated gelatinous aluminum hydroxide flocs with adsorbed
pollutants was collected and filtered using fast filter paper the dried to reduce its amount to a very
small quantity.
The electrical energy consumption E is calculated by following equation (Patil et al., 2011):

E=2D51073, (11)

where U is the operating voltage (volt), I is the operating current (amperes), ¢ is the time of treatment
(hours), and V is the volume of wastewater (m3). The process of electro-coagulation-flotation was also
performed on samples of real textile effluent.
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The removal efficiency was ranging between 92-99% for all constituents. The energy consumption
amounts to 0.0167 kWh per liter of treated wastewater.

Table 10. Evaluation of textile effluent before and after treatment using electro-coagulation-flotation

Item Untreated Treated Removal %
pH 8.3 8.6 -
TS, mg/dm?3 4592 183 96
TSS, mg/dm3 286 2.85 99
COD 963 77 92
BOD 132 105 92
Color % 32 0.96 97
Fe 3.1 0.12 96
/n 1.2 0.05 96
Turbidity (NTU) 279 2.7 99

4. Conclusions

Electro-coagulation-flotation of different dye types from aqueous solutions and a real textile
wastewater showed that, the maximum dye removal was achieved at pH 7. The order of the dye
removal is 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, Ry values were between 0 and 1,
indicating favorable adsorption. The negative values of enthalpy changes (AH°) suggest that the
reactions are exothermic with values than 40 kJ/mol. This confirms the presence of chemical
interactions with Al(OH)s floc. The negative values of entropy change (AS°) and Gibbs free energy
change (AG®) indicate decreasing randomness at the solid/liquid interface during the adsorption
while this process is spontaneous which need energy input from outside of the system. The increase in
the AG®° with increasing temperature indicates that the process becomes less favorable at high
temperatures.

Treatment of a real wastewater from textile dyeing factory at optimum conditions of 30 Voltage, 1
Ampere, pH 7 and 25 °C for 10 minutes, showed that the removal efficiency was ranging between
92-99% for all constituents. The energy consumption was 0.0167 kWh/dm3.
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