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Abstract

This study was performed to investigate the variables that influence the efficiency of decolorization of a solution containing an azo dye (Acid
Red 14) by electrocoagulation (EC) in order to compare the efficiency of different electrode connections for color removal. Current density,
time of electrolysis, interelectrode distance, and pH of the solution were the variables that most influenced color removal. Initially, a simple
electrochemical cell was prepared with an anode and a cathode. Then the effect of each variable was studied separately using synthetic wastew
ater in a batch mode. The efficiency of the method tested was determined by measurement of color removal and reduction of Chemical Oxygen
Demand (COD). For dye solutions with COD of approximately 30 ppm and dye concentrations less than 150 ppm, high color removal (93%)
was obtained when the pH ranged from 6 to 9, time of electrolysis was approximately 4 min, current density was approximatélytis® A/m
temperature was approximately 300 K, and interelectrode distance was 1 cm. During the EC process under these conditions, the COD decrease
by more than 85%. In the second series of experiment, the efficiency of EC cells with monopolar electrodes in series and parallel connections
and an EC cell with bipolar electrodes were compared with results using a simple electrochemical cell. The experimental results showed that
an EC cell with several electrodes was more effective than a simple electrochemical cell in color removal. The results also showed that an EC
cell with monopolar electrodes had a higher color removal efficiency than an EC cell with bipolar electrodes. Furthermore, within an EC cell,
the series connection of the monopolar electrodes was more effective for the treatment process than the parallel connection in color removal.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rite is an efficient decolorization method, but the operat-
ing and equipment costs are relatively high. Moreover, the
Fiber dyeing produces a great deal of wastewater. The ef-presence of residual chlorine produces a secondary pollutant
fluent from the dyeing process is colorful and its decoloriza- [1].
tion is very important before discharge to the environment.  Treatment of wastewater by electrocoagulation (EC) has
Traditional biochemical and coagulation processes are in- been practiced for most of the 20th century with limited suc-
adequate for the treatment of solutions containing biorefrac- cess. In the last decade, this technology has been increas-
tory and soluble dyes. The cost of treatment by activated car-ingly used in South America and Europe for treatment of
bon adsorption is high. Oxidation using ozone or hypochlo- many kinds of wastewater, by allowing the particles to react
with: (i) an ion having an opposite charge; or (ii) a floc of
metallic hydroxides generated within the efflugait
* Corresponding author. Tel.:-98-411-5275825/5212096/3393146; The EC process is highly dependent on the chemistry
fax: +98-411-3340191. of the wastewater, especially its conductivity. In addition,
E-mail addresses:nezamdaneshvar@yahoo.com (N. Daneshvar), other characteristics such as pH, particle size, and chemical
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Iron upon oxidation in an electrolytic system produces
iron hydroxide, Fe(OH) wheren = 2 or 3. Two mecha-
nisms have been proposed for the production of Fe(OH)

(@) Mechanism 1:

e Anode:
4Fes) — 4FE*(ag) + 8e~ (1)
4FEt (ag) + 10HO(1) + 02(9)
— 4Fe(OH)3(s) + 8H' (ag) 2)
e Cathode:
8HT (ag) + 86~ — 4H,(Q) (3)

e Overall:

4Fe(s) + 10H0(1) + O2(9) — 4Fe(OH)3(s) + 4H2(9)

(4)

(b) Mechanism 2:
e Anode:

Fe(s) — FE(ag) + 2e (5)

FE&" (ag) + 20H™ (ag) — Fe(OH)2(9) (6)
e Cathode:

2H,0(l) + 267 — Hz(g) + 20H (ag) @)
e Overall:

Fe(s) + 2H20(l) — Fe(OH)2(s) + Ha(l) (8)

The Fe(OH)(s) remains in the aqueous stream as a gelati-
nous suspension, which can remove the pollutants from the
wastewater by either complexation or electrostatic attraction
followed by coagulation. In the surface complexation mode,
the pollutant acts as a ligand (L) to chemically bind hydrous
iron:

L-H(ag + (OH)OFqs) — L-OFg(s) + HaO(l) 9)

The prehydrolysis of Fe cations also leads to the forma-
tion of reactive clusters for wastewater treatmgjt The
EC process is characterized by a fast rate of pollutant re-
moval, compact size of the equipment, simplicity in opera-
tion, and low operating and equipment cd&k The EC is
a simple and efficient method for the treatment of water and
many kinds of wastewater. It has been tested successfully in
the separation of pollutants from restaurant wastew&ier
treatment of urban wastewatg!], degradation and decol-
orization of dye solutioifil,5], defluoridation of watef6,7],
separation of aqueous suspensions of ultrafine par{i8les
and removal of nitrate from wat¢®]. Hence, it is expected
that the electrocoagulation would be an ideal choice for de-
colorization of dye solution§3].
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One of the most important fibers, that are used in carpet
industry is red fiber, and Acid Red 14 is the common dye
for fiber dyeing, especially for woolen fiber dyeing. Hence,
Acid Red 14 was chosen for this project.

2. Experimental
2.1. Materials and methods

The experimental equipment schematically is shown in
Figs. 1-4 The electrocoagulation unit consisted of an 0.5-L
electrochemical reactor with iron (ST 37-2) anode and steel
(grade 304) cathode. The electrodes were 50¢Bhmm
or 40 mmx40 mm. The current density was maintained con-
stant by means of a precision DC power supply (ADAK-PS
808).

The dye solution was prepared using Acid Red 14 pro-
vided by Aldrich company (Chromotrope FB). The struc-
ture of Acid Red 14 is shown ifig. 5 All samples were
allowed to settle for 20 min in a 250-ml vessel before any
analysis. Neither centrifuging nor filtration was performed.
The conductivity of the dye solution was relatively low.

~—Monopolar Cathode

Monopolar Anode —-

" J+—Electrocoagulation Cell

‘Wastewater

Fig. 1. Electrocoagulation apparatus.
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Fig. 2. Bench scale EC reactor with monopolar electrodes in parallel
connection.
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Fig. 3. Bench scale EC reactor with monopolar electrodes in series
connection.
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Fig. 4. Bench scale EC reactor with bipolar electrodes.

2.2. Chemical analysis

The dye concentration was determined using a UV-Vis

spectrophotometer (Perkin-Elmer 550 SE) at 515nm. The

equation used to calculate the color removal efficiency in
the treatment experiments was:

Co—C
CR%) = -2~ % 100 (10)
Co
whereCpy andC were the initial and present concentrations

of the dye in solution (mg/l), respectively.

OH
=00
SO3Na

Fig. 5. Structure of Acid Red 14 (C.l. no. 14720).

57

The Chemical Oxygen Demand (COD) was measured by
a volumetric method (closed reflux, titrimetric meth@t].

3. Results and discussion

3.1. Effect of current density on the efficiency of color
removal

The exact range of the optimum current density will de-
pend on the geographical as well as the economic situa-
tion where the EC process is utilized. As showrFig. 6,
an increase in current density from 40 to 60 A/yields
an increase in the efficiency of color removal from 52.10
to 91.12% because when the current density increases, the
efficiency of ion production on the anode and cathode in-
creases. Therefore, there is an increase in floc production in
the solution and hence an improvement in the efficiency of
color removal.

For a solution with a dye concentration of 50 ppm, the
optimum current density was in the range of 60-80A/m

3.2. Effect of time of electrolysis on the efficiency of color
removal

During electrolysis, the positive electrode undergoes an-
odic reactions while cathodic reactions occur on the negative
electrode. The released ions neutralize the particle charges
and thereby initiate coagulation.

The color-removal efficiency depends directly on the con-
centration of ions produced by the electrodes. When the elec-
trolysis period increases, an increase occurs in concentration
of ions and their hydroxide flocs. Accordingly, as shown in

100
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Fig. 6. Effect of current density on the efficiency of color removal from a
solution with concentration of the dye 50 ppm, volume of the solutioa
250ml, Gyaci 10g/l, interelectrode distance= 1cm, time of electro-
lysis = 4 min, retention time= 20 min, and dimension of the electrodes

50 mmx 50 mm.
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Fig. 7. Effect of time of electrolysis on the efficiency of color re-
moval from a solution with concentration of the dye 50 ppm, vol-
ume of the solution= 250 ml, Gyaci = 10g/l, interelectrode distance-
lcm, currentdensity= 80A/m2, retentiontime = 20min, and
dimension of the electrodes 50 mm x 50 mm.

Fig. 7, an increase in the time of electrolysis from 2 to 4 min
yields an increase in the efficiency of color removal from
31.76 to 95.24%.

For a solution having a dye concentration of 50 ppm,
and a treatment unit with current density of approximately
80 A/n?, the optimum time of electrolysis was 4 min.

3.3. Effect of interelectrode distance on the efficiency of
color removal

Interelectrode distance does not have a significant effect

on the efficiency of color removal. However, as shown in
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Fig. 9. Effect of initial pH on the efficiency of color removal
from a solution with concentration of thedye= 50ppm, volume
of the dye solution= 250 ml, qaci = 10g/l, currentdensity= 80 A/m?,
time of electrolysis= 4 min, retentiontime= 20min, interelectrode
distance= 1cm, and dimension of the electrodes50 mm x 50 mm.

would have more opportunity to aggregate and produce
flocs. Moreover, these flocs are able to adsorb more dye
molecules.

For a solution with a dye concentration of 50 ppm and a
treatment unit with current density of 80 Afirthe optimum
interelectrode distance was 1cm.

3.4. Effect of initial pH on the efficiency of color removal

It has been established that the influent pH is an impor-
tant operating factor influencing the performance of elec-

Fig. 8 when the interelectrode distance increases, the ef-trochemical procesf3,11]. To examine its effect, the dye

ficiency of color removal increases slightly. This change

solution was adjusted to the desired pH for each experiment

probably occurs because the electrostatic effects depend omy adding sodium hydroxide or sulfuric acigig. 9 demon-
the interelectrode distance, so when this distance increasesstrates the efficiency of color removal as a function of the
the movement of produced ions would be slower and they solution pH. The maximum efficiency of color removal was
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Fig. 8. Effect of interelectrode distance on the efficiency of co-
lor removal from a solution with concentration of the dye 50 ppm,
volume of the dye solution= 250 ml, Gyaci = 10g/l, currentdensity=
80A/m?, time of electrolysis= 4min, retentiontime= 20min, and
dimension of the electrodes 50 mm x 50 mm.

observed at pH in the range 6-9 as expected considering the
nature of the reaction between ferrous and hydroxide ions.
As observed by other investigatdB12], a pH increase oc-
curs when the solution pH is low. However, when the solu-
tion pH is above 9, a pH decrease occurs. In other words,
electrocoagulation can act as a pH neutral[3gr

3.5. Effect of temperature on the efficiency
of color removal

The electrochemical reaction rate like any other chem-
ical reactions rate increases when temperature of solution
increases. As shown iRig. 10 when the temperature in-
creases, the efficiency of color removal increases slightly.
However, when temperature of solution is higher than 300K,
the movement of the produced ions increases considerably
and these ions have little opportunity to aggregate and pro-
duce metallic hydroxide flocs. As a result, the efficiency of
color removal decreases.
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Fig. 10. Effect of temperature on the efficiency of color removal
from a solution with concentration of thedye= 50ppm, volume

of the solution= 250 ml, gyaci = 10g/l, interelectrode distance: 1 cm,
currentdensity= 80A/m?, time of electrolysis= 4min, dimension

of the electrodes= 50 mmx 50 mm, and retention time: 20 min.

3.6. Effect of initial concentration of the dye on the rate of
color removal and required power

The variation of rate of color removal and required power
for six different initial dye concentrations are shown in
Figs. 11 and 12It can be seen iifrig. 11 that the rate of
color removal decreases considerably when the initial con-
centration of the dye is greater than 150 ppm. One of the
most important pathways of color removal by EC process
is adsorption on metallic hydroxide flocs. Up to a concen-
tration of 150 ppm, the adsorption capacity of flocs is not
exhausted and the rate of color removal is relatively con-
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capacity of flocs becomes exhausted. In other words, with
an increase in the concentration of the dye, the rate of color
removal decreases considerably.

As shown inFig. 12, when the concentration of the dye
solution was greater than 150 ppm, the power required for
achieving a desired percentage of color removal increased.
Therefore, the electrocoagulation process was more effective
in decolorizing the dye solution when the concentration of
the dye was less than 150 ppm.

3.7. Effect of current density on the efficiency of color
removal within an EC cell using monopolar electrodes in
parallel connection

An EC cell with a pair of anodes and a pair of cathodes
in a parallel arrangement is shown kig. 2 Experiments
showed that this cell was more effective than a simple elec-
trochemical cell in color removal.

For a solution with a dye concentration of 50 ppm
and interelectrode distance of 1cm, the efficiency of
color removal as a function of current density was de-
termined Fig. 13. The efficiency of color removal was
greater than 90% when current density was approximately
30 A/n?.

3.8. Effect of current density on the efficiency of color
removal within an EC cell using monopolar electrodes in
series connection

An EC cell with monopolar electrodes in series is shown
in Fig. 3 Each pair of sacrificial electrodes is internally con-
nected and has no interconnection with the outer electrodes.

stant. However, beyond this concentration, the adsorption This arrangement of monopolar electrodes with cells in se-
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Fig. 11. Effect of initial concentration of the dye on

the rate of color removal from a solution with volgm250ml, Gyac

109/,

interelectrode distance 1 cm, dimension of the electrodes50 mmx 50 mm, current density= 80 A/m2, and retention time= 20 min.
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Fig. 12. Effect of initial concentration of the dye on power required for color removal from a solution with vour@B0ml, Gyaci = 109/,
interelectrode distance 1 cm, dimension of the electrodes50 mmx 50 mm, time of electrolysis= 4 min, and retention time= 20 min.

ries is electrically similar to a single cell with many elec- ciency of color removal was greater than 90% when current
trodes and inter connectiofig]. density was approximately 20 Afm
Results showed that a cell with monopolar electrodes in  As shown inFig. 15 an EC cell with electrodes in se-
series connection was more effective than a simple electro-ries connection was more effective in color removal than an
chemical cell for color removal. EC cell with electrodes in parallel connection. This result
As shown inFig. 14 for a solution with a dye concentra- is probably due to the higher potential required to achieve a
tion of 50 ppm and interelectrode distance of 1 cm, the effi- certain current density in the series connection mode. Hence,

100

80 r

60

Color Removal Percent

20 r

Current Density (A/m?)

Fig. 13. Effect of current density on the efficiency of color removal within an EC cell using monopolar electrodes in parallel connection from &atye solu
with concentration of the dye- 50 ppm, volume of the dye solutioa 250 ml, gyaci = 10 g/l, interelectrode distance 1 cm, time of electrolysis= 4 min,
retention time= 20 min, and dimension of the electrodes40 mm x 40 mm.
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Fig. 14. Effect of current density on the efficiency of color removal within an EC cell using monopolar electrodes in series connection from a solution
with concentration of the dye- 50 ppm, volume of the dye solutioa 250 ml, Gyaci = 10 ¢/, interelectrode distance 1cm, time of electrolysis= 4 min,
retention time= 20 min, and dimension of the electrodes40 mm x 40 mm.

this arrangement produces more flocs than the parallel con-electrodes were connected to the electric power source.

nection mode, so the efficiency of color removal is higher. When an electric current was passed through the two

electrodes, the neutral side of the conductive plate was

3.9. Effect of current density on the efficiency of color transformed to charged side, which had charges opposite

removal within an EC reactor using bipolar electrodes to those on the parallel side. The sacrificial electrodes

in this case are also known as bipolar electrodes. Thus,

In this arrangement, the sacrificial iron electrodes were during electrolysis, the positive side undergoes anodic re-

placed between the two parallel electrodes without any actions, while on the negative side, cathodic reactions were
electrical connectionHig. 4). Only the two monopolar  encountered?2].
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Fig. 15. Effect of current density on the efficiency of color removal within an EC cell using monopolar electrodes in: (a)series connection} b)paralle
connection from a solution with concentration of the dye50 ppm, volume of the solutios= 250 ml, Ggyaci = 10g/l, interelectrode distance= 1cm,
time of electrolysis= 4 min, retention time= 20 min, and dimension of the electrodes40 mm x 40 mm.
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100 sity, initial pH of the solution, interelectrode distance, and
[ time of electrolysis. The results showed that when the ini-
- tial concentration of the dye was less than 150 ppm, the dye
80 r was effectively removed (93%) at pH ranging from 6 to 9,
£ - time of electrolysis of approximately 4 min, current den-
§ 60 L sity of approximately 80 A/, temperature approximately
s r 300K, and interelectrode distance of 1 cm. With the above
e | conditions, the COD was reduced more than 85%. The ex-
5407 perimental results showed that an EC cell with several elec-
8 L trodes was more effective than a simple electrochemical cell
20 | in color removal. The experiments also showed that an EC
- cell with monopolar electrodes had a higher color removal
i efficiency than an EC cell with bipolar electrodes. Moreover,
0 bt within an EC cell, series connection of the monopolar elec-
0 20 40 60 8 100 120 140 160 180 200 trodes was more effective than parallel connection in color
Current Density (A/m?) removal.
Fig. 16. Effect of current density on the efficiency of color re-
moval within an EC cell using bipolar electrodes in parallel con-
nection from a solution with concentration of thedye 50 ppm, Acknowledgements
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The efficiency of color removal with different current
density is shown irFig. 16 The study showed that an EC
cell with monopolar electrodes had a higher efficiency of
dye removal than an EC cell with bipolar electrodes. For _
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