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Abstract: The present study investigates the influence of operating parameters (electrolyte concentration, applied electri-
cal current, initial reaction pH) on color and COD removals from a simulated acid dyebath effluent employing electroco-
agulation with aluminum (Al) and stainless steel (SS) electrodes. Our results indicated that almost complete (100% for EC
with SS electrodes) color and partial (around 50% for EC with SS electrodes) COD removal could be achieved via elec-
trocoagulation using Al as well as SS electrodes once working conditions were optimized. The study also revealed that
electrocoagulation with SS electrodes was more attractive both in terms of treatment performance as well as electrical en-
ergy and sludge handling costs; the electrical energy requirement and sludge production rate were 17 kWh/(m® wastewa-
ter) and 8200 g/(m® wastewater) for electrocoagulation with Al electrodes, instead of 8 kWh/(m® wastewater) and 700
g/(m* wastewater) for electrocoagulation with SS electrodes to achieve the same treatment efficiency.
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INTRODUCTION

Wastewater generated by textile dyeing and finishing
activities is known to contain considerable amounts of bio-
logically difficult to degrade or even refractory dyes and dye
auxiliaries, making its efficient treatment a rather difficult
task. So far, several biochemical, chemical and physical
treatment methods were applied to treat textile wastewater,
however, with limited success [1-4]. More recently, studies
have focused on color and chemical oxygen demand (COD)
removal from real combined textile wastewater and reactive
dyebath effluent [5,6] as well as aqueous textile dyes [7-10]
using electrocoagulation (EC). EC has successfully been
employed for the treatment of strong effluents such as elec-
troplating, laundry, slaughterhouse and chemical industry
wastewater [11]. Results have demonstrated that pollution
parameters can be effectively removed via EC provided that
operating conditions were carefully optimized and feasibility
studies were conducted. Considering that the main operating
costs associated with the EC treatment process are electrical
energy requirements and sludge handling, it is very impor-
tant to assess these two economical parameters before pro-
posing EC as an alternative treatment option for dyehouse
effluent. Until now, electrical energy requirements of EC
were addressed in only few studies. By taking into account
the necessity of pH adjustment for the usually extremely
alkaline dyehouse effluent, it seems to make more sense to
apply the EC process to high-strength, low-volume and
slightly acidic effluent from the polyamide dyeing operations
where acid dyes and their respective dye auxiliaries (wetting
agents, pH buffers) are used. Moreover, as mentioned pre-
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viously, there is only one case study available in the scien-
tific literature dealing with the treatment of real exhausted
dyebath [S5], however, electrocoagulation of acid dyebath
effluent has never been reported so far.

Considering that efficient and economic treatment of real
dyebath effluent rather than combined textile wastewater
streams or aqueous solutions of single dyes is a more realis-
tic way of dealing with textile wastewater management is-
sues, in the present study the treatability of a simulated acid
dyebath effluent with EC using aluminum (Al) and stainless
steel (SS) electrodes was investigated. In the first part of the
experimental work, the effect of varying operating parame-
ters such as electrolyte concentration, initial reaction pH and
current density was assessed, in the second part, electrical
energy requirements and sludge production rates associated
with the process were determined for optimized working
conditions.

MATERIALS AND METHODOLOGY
Simulated Acid Dyebath Effluent

All experiments were conducted with simulated acid
dyebath effluent (called “ADE” herein) that were prepared
by dissolving proper amounts of acid dye formulations and
their corresponding dye assisting chemicals in hot (T = 60-
70 °C) distilled deionized water. All dyes and dye auxiliaries
were kindly supplied by a local dyehouse and used as re-
ceived. The ingredients of the simulated acid dyebath are
given in Table 1, whereas Table 2 presents their environ-
mental characterization in terms of average color (absor-
bance), COD and original pH.

Electrocoagulation Experiments

The electrocoagulation unit consisted of a 1500 mL-
capacity polyethylene (P.E.100) reactor (length = 34.3 cm;
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Table 1. Composition of the Simulated Acid Dyebath Effluent
. trati
Acid Dyes Concentration Acid Dye Auxiliaries Concentration
(mg/L) (mg/L)
Telon Yellow ARO1* 30 Ruco Acid (Acid donor) 500
Acid Red 336 30
Acid Blue 264 30 Laugal TP (Equalizer) 1500

*Commercial name; color index number not known.

width = 12.5 cm; height = 28.3 cm) equipped with six mo-
nopolar, parallel connected electrodes (304 grade stainless
steel or aluminum) used as both anode and cathode materi-
als. The effective surface area of the electrodes was 38.5
cm’. The electrode dimensions were 11.9 cm (length) and
1.02 cm (diameter). The distance between the electrodes was
fixed as 2 mm. The applied current and voltage in the elec-
trocoagulation unit was maintained by means of a high pre-
cision direct current power supply.

Table2. Environmental Characterization of the Simulated
Acid Dyebath Effluent
Parameter Average Value
COD (mg/L) 2700
COD contribution of acid dyes (mg/L) <100

Color, in absorbance units (1/cm), @

- 436 nm 0.856
- 525nm 0.585
- 620 nm 0.274
Original acid dyebath pH 3.56

Analytical Procedures

The process parameters being followed during electroco-
agulation experiments were pH, color (absorbance) and
COD. All samples being subjected to electrocoagulation
were first settled for 30 min and thereafter filtered through
0.45 micron Millipore filters prior to COD and color
measurements. The absorbance of the untreated and treated
ADE samples was measured on a Pharmacia KB — Novaspec
IT model colorimeter at 436 nm, 525 nm and 620 nm wave-
lengths representing yellow, red and blue colors according to
German environmental legislations [12] in 1 cm glass cu-
vettes, since no color discharge limits exist in Turkey yet. In
order to avoid data replication and confusion, only absor-
bance data recorded at 436 nm, e.g. the dominant absorption
band of the studied dyebath effluent was presented herein.

The COD of untreated and treated ADE was measured
according to ISO 6060 [13]. The amount of sludge (metal
hydroxide precipitate + removed textile dyebath ingredients)
produced after electrocoagulation was determined by meas-
uring the suspended solids content of ADE after being sub-
jected to electrocoagulation under optimized reaction condi-
tions in accordance with Standard Methods [14] upon filtra-
tion of the sample aliquots through 1.2 micron glass fiber
filters.

In former studies different electrolytes were investigated
for electrochemical treatment of textile dyes and wastewater
[15,16]. In the present work, however, NaCl was employed
as the sole electrolyte, due to the fact that our preliminary
studies indicated that during electrocoagulation using Al and
SS electrodes in the presence of Na,SO;, electrolyte, color as
well as COD abatement rates were seriously retarded.

RESULTS AND DISCUSSIONS
Working with Al Electrodes
Effect of Electrolyte Concentration

It is believed that the main pollutant removal mechanism
observed during electrocoagulation is adsorption and en-
trapment onto the amorphous aluminum hydroxide precipi-
tate formed due to the anodic reaction at maximum rate at
pH 6-7 [17];

Al(s) — AP*(aq) + 3¢ (1)

Percent color (A43) and COD removal efficiencies ob-
served during electrocoagulation (applied electrical current
10 A; initial pH = 7.0) of ADE at varying NacCl (electrolyte)
concentrations is presented in Fig. (1 (a) and (b)), respec-
tively. As is evident in Fig. (1), increasing the electrolyte
concentration from 0.5 g/L to 1.0 g/L slightly increased color
and COD abatement rates (up to 91% and 36%, respec-
tively), and a further addition of NaCl up to 3 g/L resulted in
a moderate but significant retardation of treatment efficien-
cies both in terms of color and COD removals.

A similar trend was also obvious for sludge formation
that reached its highest value of 8200 mg/L in the presence
of 1.0 g/L NaCl, whereas the lowest sludge production rates
were found at the highest and lowest electrolyte concentra-
tions. From these findings it is evident that color and COD
removal efficiencies were related with the amount of solid
aluminum hydroxide formed during electrocoagulation. As
expected, the reaction pH continuously increased from 7 to
around 9-10 after 30 min electrocoagulation due to cathodic
OH’ production [18];

2H,0 +2¢” — H, (g) + 20H )

A kinetic evaluation was undertaken for color and COD
abatement rates obtained during electrocoagulation using Al
(as well as SS) electrodes. From data evaluation it was con-
cluded that color and COD abatement rates observed
throughout the investigated reaction period did not follow
any conventional kinetic model (1st, or even pseudo-first
order kinetics) and hence no kinetic model could be applied
to the color and COD abatement profiles.
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Fig. (1). Effect of NaCl concentration on percent color (a) and
COD (b) removal efficiencies obtained during electrocoagulation
using Al electrodes.

Effect of Applied Electrical Current

Fig. (2 (a) and (b)) depicts changes in color and COD
removal efficiencies during electrocoagulation (Electrolyte
concentration = 1000 mg/L NaCl; initial pH = 7.0) under
different applied electrical currents, respectively. It is known
that electrical current density is the major operating variable
directly affecting electrocoagulation performance and operat-
ing costs. From the above figure it is clear that increasing the
applied current from 2.5 to 12.5 A appreciably improved
decolorization and COD removal rates from 41 and 94% (for
color) to 18 and 42% (for COD), respectively. Parallel to the
applied current, sludge production rates increased immensely
from 1800 mg/L at 2.5 A up to 10400 mg/L for 12.5 A.

Formation of huge amounts of chemical sludge can be
considered as the main obstacle of electrocoagulation using
Al electrodes that has to be carefully outweighed against the
improved treatment efficiency obtained at elevated currents.
Hence, it was decided to conduct further experiments to elu-
cidate the effect of initial reaction pH under the following
operating conditions; applied current = 10 A; electrolyte
concentration = 1000 mg/L NaCl.

Effect of Initial pH

Former related studies have already demonstrated that the
optimum pH of in-situ AI(OH); floc formation takes place at
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slightly acidic to neutral pH (5.5-7.0), where AI(OH); solu-
bility reaches its lowest value. Fig. (3) displays the effect of
varying the initial electrocoagulation pH from 3.5 to 9.5 on
color (a) and COD (b) removal rates. A bit surprisingly, it
was observed that color and COD removal efficiencies as
well as sludge formation rates were not very different from
each other, although it was anticipated that percent treatment
efficiencies would be slightly better when the pH was below
7.0.
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Fig. (2). Effect of applied electrical current on percent color (a) and
COD (b) removal efficiencies obtained during electrocoagulation
using Al electrodes.

Due to the fact that removal efficiencies both in terms of
color and COD were high and the final effluent pH remained
below 9, the optimum initial pH was established as pH = 7.0.

Working with SS Electrodes
Effect of Electrolyte Concentration

Fig. (4) gives changes in percent color (a) and COD (b)
removal efficiencies as a function of NaCl concentration
during electrocoagulation with SS electrodes (initial pH =
7.5; applied current = 10 A). From Fig. (4) it is evident that
increasing the electrolyte concentration from 0.5 g/L to 1.5
g/L increased the color as well as COD abatement rates sig-
nificantly; a further increase of electrolyte concentration did
not improve, but even slightly inhibited removal efficiencies
both in terms of color and COD’s. The increase in electrolyte
concentration from 0.5 g/L to 3.0 g/L also resulted in an in-
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crease of ferric hydroxide sludge formation from 170 mg/L
to 740 mg/L, respectively. Generally speaking, sludge for-
mation was much less than in the case of electrocoagulation
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Fig. (3). Effect of initial reaction pH on percent color (a) and COD
(b) removal efficiencies obtained during electrocoagulation using
Al electrodes.

with Al electrodes and at the same time, the pH during elec-
trocoagulation employing SS electrodes also did not increase
during the reaction as it proceeded. It rather slightly varied in
the range of 6.3 to 8.0 throughout the reaction that can
speculatively explained as follows; the acid dyebath effluent
contained an acid donor that was easily oxidizable and
started to release an acid upon degradation of the acid do-
nor’s original structure. Acid release on the other hand hin-
ders the pH increase usually expected during electrocoagula-
tion. Degradation of the acid donor is only possible under the
reducing environment of electrocoagulation with SS elec-
trodes where ferric iron is reduced to ferrous iron thereby
oxidizing the acid ester. During electrocoagulation with SS
electrodes, the reducing environment is easily brought about
within the first period of electrocoagulation due to oxygen
depletion during oxidation of ferrous iron to ferric iron [19];

Fe’" + 2H,0 + O,(g) — 4Fe(OH);(s) + 8 H' (3)

Hence, when SS electrodes are employed reaction mech-
anisms other than adsorption-absorption-particle entrapment
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may play an important role in color and COD removal from
ADE. Similar to the trend of electrocoagulation conducted
with Al electrodes, elevating the electrolyte concentration
from 0.5 g/L to 1.0 g/L resulted in an appreciable accelera-
tion of color as well as COD abatement rates, and an in-
crease of NaCl concentration up to 3.0 g/L did not consid-
erably improve decolorization and COD removal rates.
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Fig. (4). Effect of NaCl concentration on percent color (a) and
COD (b) removal efficiencies obtained during electrocoagulation
using SS electrodes.

Hence, for the next series of experimental runs performed
at varying electrical currents and initial pH’s, the electrolyte
concentration was selected as 3000 mg/L NaCl for maximum
treatment performance.

Effect of Applied Electrical Current

Fig. (5) shows the time-dependent changes in color (a)
and COD (b) removal efficiencies as a function of treatment
time under varying applied electrical currents. From the fig-
ure it is apparent that increasing the applied current from 2 A
to 20 A significantly increased color (from 58% to 100%) as
well as COD (32% to 58%) abatement rates. More than 95%
decolorization could be achieved even after 20 min electro-



Effect of Operating Parameters

coagulation above an electrical current of 10 A. The increase
in sludge formation was not as dramatic as in the case of
electrocoagulation using Al electrodes; increasing the current
density from 2 A to 20 A increased the sludge formation rate
from 650 mg/L to 1.0 g/L revealing that electrocoagulation
with SS electrodes although run at 3.0 g/L in the presence of
SS electrodes instead of 1.0 g/L electrolyte concentration in
the presence of Al electrodes, might be preferred to electro-
coagulation using Al electrodes due to the fact that consid-
erably higher color as well as COD removal efficiencies can
be achieved at higher currents thereby producing less chemi-
cal sludge.
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Fig. (5). Effect of applied electrical current on percent color (a) and
COD (b) removal efficiencies obtained during electrocoagulation
using SS electrodes.

Again, due to continuous acid release that occurred as a
consequence of acid donor degradation during electrocoagu-
lation with SS electrodes, the pH did not increase during the
reaction. Instead, the pH fluctuated between 7 and 8 through-
out electrocoagulation as it progressed. It was decided to run
the next electrocoagulation experiments with SS electrodes
at an optimized electrical current of 10 A.

Effect of Initial pH

The effect of initial pH on percent color and COD re-
moval efficiencies obtained during electrocoagulation using
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SS electrodes is given in Fig. (6 (a) and (b)), respectively.
From the above figure it is obvious that with exception of the
experimental run conducted at an initial pH of 7.5, percent
COD removal efficiency remained below 40 % and decolori-
zation in the range of 80-94% (for A436) when the initial pH
was 3.5, 5.5 and 9.5. It may also be important to note here
that the sludge production after 30 min electrocoagulation
starting at an initial pH of 7.5 was 700 mg/L but only 200 —
270 mg/L after 30 min electrocoagulation run at an initial pH
of 3.5, 5.5 and 9.5. Obviously, there was a positive relation-
ship between the amount of sludge formed and percent color
and COD removed. Highest percent color and COD removal
efficiencies were obtained under the following experimental
working conditions: Applied electrical current = 10 A; elec-
trolyte concentration = 3000 mg NaClI/L for complete
(100%) color and partial (51%) COD reduction.
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Fig. (6). Effect of initial reaction pH on percent color (a) and COD
(b) removal efficiencies obtained during electrocoagulation using
SS electrodes.

Comparison of Sludge Production Rates

Fig. (7) demonstrates the significant difference in sludge
production rates between 30 min electrocoagulation of acid
dyebath effluent employing Al and SS electrodes. From the
figure it is clear that management costs associated with
sludge disposal would tremendously reduce when SS is pre-
ferred as the electrode material for acid dyebath effluent
treatment. The surprisingly low sludge formation rates ob-
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served for electrocoagulation using SS electrodes may
speculatively be explained by complex species formation of
the in-situ formed ferrous iron by the deprotonated acid hin-
dering the production of ferrous and ferric hydroxide sludge,
provided that the pK, value of the released acid is below 4-5.
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Fig. (7). Sludge formation after 30 min EC at varying applied elec-
trical currents (Working conditions: pHy: 7.0 and 1.0 g NaCI/L for
Al electrodes; pHy: 7.5 and 3.0 g NaCl/L for SS electrodes)

Economic Considerations

As mentioned before, for estimation of operating costs
for EC using Al or SS electrodes electrical energy require-
ment and sludge formation rates have to be calculated. In the
present study, EC with Al and SS electrodes were compared
under optimized working conditions. 30 min EC with Al was
required to achieve 91% color and 36% COD removals from
1.5 liters ADE, whereas almost the same treatment efficien-
cies could be reached via EC with SS in only 15 min. Corre-
sponding electrical energy requirements to achieve 90 %
color and 40 % COD removals after EC were calculated for
an applied electrical current of 10 A (average potential = 5
V) for a treatment period of 30 min with Al and 15 min with
SS electrodes. Since electrical energy requirements are a
direct function of treatment time, EC with Al resulted in
two-fold electrical energy consumption (17 kWh per m’
wastewater) as compared with EC using SS electrodes (8
kWh per m’ wastewater). Electrical energy requirements
change from country to country but indirectly reflect the
main operating costs of EC treatment systems.

CONCLUSIONS AND RECOMMENDATIONS

Electrocoagulation (EC) is one of the most promising,
emerging alternative treatment methods that have more re-
cently been applied for the treatment of industrial wastewa-
ters. In the present study acid dyebath effluent (ADE) was
simulated and treated via electrocoagulation using aluminum
and stainless steel electrodes under different operating condi-
tions. Results have shown that color and COD removal effi-
ciencies as well as sludge production rates were affected by
applied electrical current, electrolyte concentration and ini-
tial reaction pH. EC with Al electrodes was capable of al-
most complete (around 90%) color accompanied with almost
40% COD abatement, whereas EC with SS resulted in com-
plete color removal and 50% COD abatement. Inspection of
changes in pH during EC and suspended solids concentra-
tions obtained after EC experiments gave a further insight
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into the underlying reaction mechanisms involved in EC;
removal of color and COD was thought to be mainly adsorp-
tion of pollutants onto aluminum hydroxide sludge, whereas
in the case of EC with SS electrodes, the pollutant abatement
mechanism was speculatively a combination of adsorption,
absorption, particle entrapment as well as redox reaction
initiated by the reducing environment occurring at the elec-
trode functioning as the anode of the process. Considering
the treatment performance (electrical energy consumption)
as well as sludge formation rates observed during the opti-
mization experiments, EC using SS electrodes can be rec-
ommended for effective and economic treatment of ADE.
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