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In this study the pollutant removal from a textile dyeing wastewater has been investigated by using
the electro-coagulation technique with iron electrodes. In order to obtain optimal values of the system
state variables, a 33 full factorial experimental design was applied. The electro-coagulation (EC) process
response was evaluated on the basis of COD removal and decolourisation values. The electrolysis time
and density current were statistically significant for the COD removal and decolourisation. Based on the
lettuce seeds (Lactuca sativa) and brine shrimp (Artemia salina), the lowest toxicity level was achieved in
5 min of electrolysis time. Due to the remaining high toxicity level above 30 min of electrolysis time, the
EC process is not adequate to be used in a single effluent treatment, suggesting that this electrochemical
process of up to 5 min could be used as part of a complete effluent treatment system.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays an integrated management of hydric resources, as
well as the restoration of environmentally degraded areas, demand
new technologies for pollution removal which will minimize the
environmental impact, caused by toxic compounds released by
industrial effluents and other residues. In particular, the contam-
ination source by wastewater from textile dyeing is a significant
source of environmental pollution [1].

In the last decade, the electro-coagulation technique (EC) has
been applied to solving problems in wastewater treatment in order
to ensure a good quality effluent before its disposal into aquatic
environment. Due to its inherent simplicity of design and opera-
tion, together with the growing need for small-scale cost effective
water treatment systems, the EC technology has received arenewed
interest for industrial applications.

Reviews about the perspectives and possibilities of the EC
technology for water treatment [2-4] have increased recently.
Electro-coagulation has been successfully used to treat a wide range
of organic and inorganic pollutants from different kinds of wastew-
ater originated by the industrial metal processes [5,6], synthetic
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metal solution [7,8], wastewaters [9], alcohol distillery wastewater
[10], and textile industry [11-14].

The purpose of this study was to investigate the pollutant
removal from a textile dyeing wastewater by the application of
the electro-coagulation technique with iron electrodes. In order to
estimate the reactor efficiency the following criteria were used:
chemical oxygen demand (COD), carbon organic total (COT), turbid-
ity, total organic nitrogen, ammonia, nitrate, and chemical element
concentration values. Based on the lettuce seeds (Lactuca sativa)
and brine shrimp (Artemia salina), the toxicity of non- and treated
effluent was estimated.

2. Materials and methods
2.1. Sampling

A large amount of samples in several consecutive days was col-
lected from an industrial laundry, where the wastewaters were
the by products of cloths dyeing and the partly coloured-cloths
dyeing removal, located in the city of Toledo (Brazilian Parana
state). A mixture of all samples was made in order to obtain a
homogenized non-treated industrial dyeing effluent (IDE). Before
the electro-coagulation (EC) treatments, all IDE samples were pre-
served, according to the standard methodologies prescribed by
American Public Health Association [15]. Small portions of non-
treated IDE samples were used for characterization.
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2.2. ECreactor

A laboratory-scale EC reactor consisting of 1.5L glass cylindri-
cal container with a 11 cm diameter and 15 cm height was used.
Eight iron plates with a 5cm width, 11 cm height, and 0.15cm
thickness were used as electrodes. In the upper part of the EC reac-
tor, the iron electrode plates were firmly assembled in an upright
position and arranged parallel to each other, with a gap of 0.5cm
between the anode and cathode plates, using a non-conducting
horizontal support to avoid any short-circuits. The electrodes were
dipped into the beaker containing the IDE effluent with a 1.0 L work-
ing volume. The active electrode surface area was 0.035mZ. The
electrodes were operated in a mono-polar mode and were con-
nected to terminals of direct current power supply (Instrutemp
DC Power Supply, FA 1030), which contained an internal digi-
tal ammeter and voltmeter, that provided the stabilized currents
and voltages, ranging from 0 to 10 A, and from 0 to 30V, respec-
tively. During the experiments the direction of the current was
reversed every 30 min in order to limit the formation of passive
layers [2].

2.3. Chemicals and sample preparation

The chemicals used were of analytical-reagent grade. A
set of 1.0gL~! stock solutions of Solophenyl orange TGL

(C25H33C]N50652), Solophenyl blue 71 (C40H23N7Na401354),
Solophenyl scarlet BNLE (C44H3;N1gNazO46S4), Solophenyl
yellow ARL (C4gH6NgNagO18Sg), Solophenyl black FR

(C44H32N13Na3011 53) e Navy Blue 98 (C33H24N5Na301353) was
prepared from their direct dye standard powder using distilled
water. Molecular absorption spectra were measured from diluted
pure dyeing solutions (50mgL-1) in order to identify the maxi-
mum absorption wavelength. From this stock solution a mixture
of dyeing standards was also prepared, resulting in a final dyeing
concentration of 8.33mgL~! and then a sufficient amount of
NaCl was added in order to reach the same conductivity value
(16.88 mS cm~1) of the IDE samples for posterior EC measurements.

Certified iron standard solutions (1.0 gL~ for AAS, Merck) were
used to obtain the calibrated curve for atomic absorption spectrom-
eter.

In order to obtain the sensibility curves for SR-TXRF (Syn-
chrotron Radiation Total Reflection X-ray Fluorescence) spectrom-
eter, several mixtures of multi-elemental standards (from a set of
mono-element standards (1.0 gL~! for AAS) were used at different
concentrations. For SR-TXRF analysis, a 2 mL aliquot of each filtered
sample was taken and a 20 pL standard solution (1.0gGaL~1) was
added as an internal standard. Afterwards, an aliquot of 5 uL was
deposited on a pre-cleaned acrylic disk (@ 30 mm and 3 mm tick)
and dried at room temperature. The same procedure was repeated
for the multi-elemental standards at five different concentrations.
All the disk-samples were prepared in triplicates, except for the
standard ones, which were in quintuplicate.

2.4. Batch experiments

Before each EC experiment, the pH adjustments of IDE and dye-
ing standard solutions were done with NaOH (6 M) and H,SO4
(3M). In a typical run, performed at room temperature, 1L IDE
sample was placed in the EC reactor. Due to the low dyeing stan-
dard solution conductivity, it was not necessary to add NaCl to
increase the current. Before each experiment, the oxide and/or pas-
sive layers from the electrodes were removed, rinsed and dried. The
solution was slowly stirred. For the applied 1-2V voltage ranges
of the reactor electrodes, high current densities have been estab-
lished (28.6-142.9 Am~2) and thus high bubble densities could be
reached, allowing both coagulation and flotation processes to take

place in the polluted media [4]. The chemical reactions taking place
at the anode are given below [2,3].
For iron anode:

Fe(s) > Fel) +2e, (1)

Fe(z;q) +20H,  — Fe(OH)y (2)
At cathode

2H20(1) +2e” - HZ(g) + ZOH(_aq)’ 3)

In textile industry a large quantity of contaminants such as
unreacting dyes, suspended solids, dissolved solids, and other aux-
iliary chemicals (NaCl, Na,CO3 and Na;SO4) are generated. In EC
process, it is expected that the generated Fe ions undergo fur-
ther spontaneous reactions to produce corresponding hydroxides
and/or polyhydroxides. These complexes have strong affinity for
dispersed particles as well as counter ions to cause coagulation [3].
Four main mechanisms, such as surface complexation, electrostatic
attraction, chemical modification, and precipitation, have been sug-
gested to describe the process by which contaminants are removed
from wastewater using the EC system [12].

The presence of chloride ions strongly catalyses the conversion
of pollutant organic compounds to innocuous compounds such as
CO, and H,O0 [16]. At the anode, an electrochemical reaction of
chloride ion can be represented as

2C1 — Clz(g) +2e” (4)

Moreover, it could be presumed that other oxidizing agents such
as nascent oxygen, ozone, hydrogen peroxide, and free radicals such
as ClOe, Cl°*, and OH* are generated during the electrolysis [17]. In
addition, there is oxygen evolution reaction

2H,0 - 0O, +4H" +4e™ (5)

The cathodic conversion of molecular oxygen to active oxygen
in the presence of chloride ion [16] can be represented as

2H,0 + 202(aq) +4e~ - 2H50, +40H™ (6)

Since the solubility of oxygen and ozone in water is very less,
it is presumed that HOCI and H,0, are the main oxidants that are
responsible for degradation of organics, generating secondary pol-
lutants, such as ammonia and nitrate ions [ 14]. The electrochemical
reduction of nitrate ions can be represented as

NO3~ +3H,0 + 5~ — 0.5N, +60H" (7)
NO3~ +6H,0 + 8e~ — NHj +90H" (8)

The direct and indirect electrochemical oxidation of ammonia
in the presence of hydroxyl and chloride ions can be represented as

2NH; + 60H™ — Ny +6H,0 + 6e- (9)
2NHj3 + 6Cl~ — N +6HCl + 6e~ (10)

After each experiment, the floated and precipitated materials
were withdrawn and the clarified effluent sample was pipetted out
from the reactor, and then allowed to settle for a few hours in a
polyethylene flask. Finally, the clarified supernatant liquid was col-
lected and preserved according to the Standard Methods [15], and
stored for characterization.

2.5. Factorial design

The influence of three reactor operating parameters (ROP):
initial pH of the IDE solution, electrolysis time and current den-
sity were investigated in order to improve the COD removal and
decolourisation efficiencies, according to the 33 full factorial exper-
imental designs with three replicates. The three levels of each ROP



332 S.M. Paldcio et al. / Journal of Hazardous Materials 172 (2009) 330-337

Table 1
Assigned levels for three reactor operating parameters.

ROP Variables Assigned levels

-1 0 +1
Electrolysis time (min) q1 15 30 45
Initial pH q2 3 7 11
Current density (Am~—2) qs 28.6 85.7 142.9

were chosen from previous preliminary tests and the know-how
as summarized in Table 1. In the analytical EC process, where ROP
values could influence an experimental response in terms of COD
removal and decolourisation values, the estimated 3-D graphical
response is expected to be a certain function of the parameter lev-
els, allowing the optimization of the ROP values by applying the
Lagrange criteria [18]. An ANOVA analysis permits to assess what
kind of interaction between the ROP are statistically significant to
the response function.

2.6. Measurements

All physicochemical parameter measurements were made by
applying the Standard Methods [15] for each non- and treated IDE
sample. The chemical oxygen demand was determined by the open
reflux/titrimetric method. The pH was measured by using a digital
pH meter (Tecnal TEC-2). Turbidity (Nephelometric Turbidity Unit,
NTU) was determined with a turbidimeter Tecnal, model TB1000.
Conductivity was measured by using a conductivity meter (Tec-
nal R-TEC-04P-MP). A total organic carbon (TOC) analyzer (model
5000-A, Shimadzu) was used to measure the TOC of the solu-
tions. Organic and ammonia nitrogen and inorganic nitrate contents
were measured in order to characterize the IDE after the EC treat-
ment. The amounts of inorganic nitrate were measured by using the
kinetic cadmium-reduction method, while a colorimetric method
based on the phenate-hypochlorite reaction was used in order to
determine the organic and ammonia nitrogen content. The oxidized
products and the reduction in dye concentration were measured
by using a UV-visible Spectrophotometer (Shimadzu UV-1610PC).
From the average of absorbance values obtained from triplicate
samples, the decolourisation value (AAbs) was calculated by the
Eq. (11).

[Abs}! — AbsM]

AAbs(%) =100
(%) Abs}!

(11)

where AbsM is the average of absorbance values at the maximum
visible absorbency wavelength. Absg" and AbsM correspond to the
values before and after the EC treatment, respectively.

The whole sludge formed, as a by-product of the EC process, was
weighed before and after a drying process. Then it was treated by
an acidic digestion procedure by using an AAS spectrometer (model
AA 932-GBC, Analitica) in order to determine the amount of iron in
it.

The SR-TXRF measurements were performed using a polychro-
matic X-ray beam, with 20 keV maximum energy, from the DO9-XRF
beam line at the Brazilian Light Synchrotron Laboratory (LNLS).
Each reflector disk-sample was positioned for the total reflection
condition, and the acquisition time was set at 100s. For X-ray
detection, a HP-Ge detector with 160 eV FWHM®@Mn-Ka line was
used. All X-ray spectra were analyzed using the AXIL program
[19]. An exponential-type function was fitted in good agreement
(r2=0.9972 and x2=0.0068) with the relative-to-gallium sensitiv-
ity experimental data for light elements (see Eq. (12)). The element
concentrations in liquid samples were determined by the Eq. (13).

Si(Z) = exp (—22.811 +1.438 x Z — 0.0227 XZZ) (12)

Iz CGa
C(Z)= = x
( ) IGa Sr(z)
where Z is the atomic number ranging from 14 to 40; [ - represents
the fluorescent intensity of the element; C(mgL~!) - represents the
concentration of the element in the liquid phase; and Cg, - stands
for the internal standard concentration (10mgGaL-1).

(13)

2.7. Toxicological test

In order to assess the non- and treated IDE toxicological response
on living organisms, lettuce seeds (L. sativa L.) and brine shrimp (A.
salina) were used as toxicity level bioindicators due to their fast
response to concentrated and diluted by-product solutions. Bioas-
says in lettuce (L. sativa L.) seeds were conducted for germination
index (IG), length of the radicle and length of hypocotyl structure,
following the methodology proposed by Sobrero and Ronco [20]

The AG and GI for bioassays, containing 20 lettuce seeds each,
at five diluted IDE doped with nutritive solution, in triplicate, were
calculated (using Egs. (14) and (15)), from the germination of lettuce
seeds (L. sativa L.) in both the diluted treated IDE doped hard water
solution and a non doped one as a control.

N erm

AG = -2 (14)
Nseed
N, RL

Gl = germ germ 15
Ncont RLcont ( )

where, Ngerm is the average number of germinated seeds in the
diluted treated IDE doped nutritive solution; Nys.oq is the total
number of seeds; and Ncopt is the average number of germinated
control seeds in the non-doped-nutritive solution. RLgerm is the
average root length of germinated seed in the diluted treated IDE
doped-nutritive solution, and RLcont — the average root length of
germinated seed in the non doped-nutritive solution.

For each IDE sample, mixtures of IDE sample and reconstituted
hard water (v/v) were prepared for five dilutions (1%, 3%, 10%, 30%
and 100%) of non- and treated IDE solutions in triplicates. In the
present work, twenty lettuce seeds have been put on the filtration-
type papers containing diluted IDE solutions in Petri plates and
properly covered against the environment. Then they were ger-
minated inside an incubator, at a 22 4+ 2 °C constant temperature,
during 120 h. This procedure was repeated three times.

A brine shrimp (A. salina L.) assay was also applied in order to
perform a screening for the lethality of the non- and treated IDE
solutions based on the LCsq criterion. Using a nutritive solution
described by Meyer [21], the cist-like eggs hatch within a few hours
and the more resistant nauplii were used in the toxicity assay. For
each IDE sample, 5mL of a mixture of IDE sample and nutritive
solutions (v/v) were prepared in 10 mL glassware for five dilutions
(20%, 40%, 60%, 80%, and 100%) of non- and treated IDE solutions in
triplicates, where 10 larvae of A. salina L. were incubated at room
temperature and light regime, during 24 h, and then the LCsg was
calculated. As a control assay 10 larvae of A. salina L. were incubated
in a pure nutritive solution.

3. Results and discussion
3.1. Non-treated IDE and dyeing standard characterization

The typical characteristics of non-treated IDE are presented in
Table 2. The maximum absorption wavelength for each diluted pure
dyeing solution was identified to be equal to 404, 416, 483, 494.5
and 588 nm for Solophenyl yellow, Solophenyl orange, Solophenyl
black, Solophenyl scarlet, and Solophenyl blue, respectively, while
the absorbance values for the mixture of a standard dyeing solu-
tion at the same wavelengths were measured to be 4.43 (404 nm),
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Table 2
Physico-chemical characteristics and element concentrations of natural IDE.

Table 3
A 33 full factorial design with three replicates.

Parameter Value Element Concentration (mgL-")
pH 12.5 £ 0.2 S 878 + 44

Turbidity (NTU) 306 +£ 9 Cl 3811 + 190

Organic nitrogen (mgL-1) 4.6 £ 0.1 Ca 98 £5

Ammonia nitrogen (mgL-1) 13 £0.1 Fe 1.11 + 0.06

COD (mgL1) 1636 + 47 Cu 1.84 + 0.09

Sulfate (mgL-1) 2681 + 30

4.45 (416 nm), 3.42 (483 nm), 3.29 (494.5nm), and 2.99 (588 nm).
In addition, the average of absorbance values for non-treated IDE
sample were calculated to be 1.54 (404nm), 1.51 (416 nm), 1.39
(483 nm), 1.39 (494.5 nm), and 0.96 (588 nm).

3.2. Statistical analysis

The results obtained for a 33 full factorial experimental design
for the IDE samples are given in the Table 3, where the COD removal
yield varies between 40% and 90%, while the decolourisation ranges
between 6% and 100%, which are the values of a set of decolouri-
sation yields at five maximum absorption wavelengths. In order
to explain the behavior of COD removal and decolourization yield
with the combined actions of ROP, two predicted models have been
found in terms of linear and interaction coefficients, according to
the Eq. (16), resulting in a good fitting between the predicted and
observed values for COD removal and decolourisation, as shown in
Fig. 1.

N N N

N N N
R=ap+ ZaiQi + ZzbijQin + Zzzwiijiquk
i=1

i=1 j=1 i=1 j=1 k=1

N N
+Y > vyatd? (16)

i=1 j=1

where R is the experimental response; q is the set of ROP values, ag
is a constant; a is a set of coefficients of the linear terms, b, w, and
v are a set of coefficients associated with the linear and quadratic
interactions between the ROP values, and N is the number of ROP.

The experimental response, based on the COD and decolourisa-
tion yield values, permitted the development of a statistical model,
with a set of linear and quadratic coefficients associated with the
ROP values, as summarized in Tables 4 and 5. The significance of
the ROP effects and their possible combined actions were checked
out by applying a two-way ANOVA analysis, using the Statistica®
software, as shown in Tables 6 and 7.

100

80

60

40 <

20

Predicted COD removal %

0 20 40 60 80 100
Observed COD removal %

Run ¢ q2 qs COD removal (%) Decolourisation (%)
(min) (Am2) COD; COD, COD3; Dec; Dec, Decs
1 15 3 28.6 771 76.0 76.2 5.8 6.0 6.2
2 15 3 85.7 74.6 73.7 74.4 725 763 80.1
3 15 3 142.9 78.2 77.0 77.6 939 96.8 99.7
4 15 7 28.6 75.2 76.2 75.7 62.7 633 63.9
5 15 7 85.7 74.5 73.2 73.7 934 953 97.2
6 15 7 142.9 69.4 70.5 69.9 732 755 77.8
7 15 1 28.6 42.2 41.1 41.8 145 146 14.7
8 15 11 85.7 529 51.2 52.1 212 236 26.0
9 15 11 142.9 54.0 55.4 54.8 644  67.1 69.8
10 30 3 28.6 80.1 80.8 80.4 59.5 59.8 60.1
1 30 3 85.7 77.8 75.2 76.3 915 934 95.3
12 30 3 142.9 82.8 81.2 81.7 96.7 97.7 98.7
13 30 7 28.6 76.8 74.9 74.6 819 853 86.2
14 30 7 85.7 80.7 82.5 82.2 95.8 97.8 98.3
15 30 7 142.9 81.7 79.8 80.9 99.7 977 98.7
16 30 11 28.6 45.0 454 439 322 325 33.2
17 30 1 85.7 68.8 67.2 68.5 66.1 66.8 67.5
18 30 11 142.9 68.9 67.4 68.0 784 788 80.0
19 45 3 28.6 82.8 83.5 82.5 71.7 721 73.2
20 45 3 85.7 79.7 80.4 80.1 979 984 99.9
21 45 3 142.9 88.3 87.2 87.7 98.0 985 100.0
22 45 7 28.6 75.2 76.5 75.7 959 964 97.8
23 45 7 85.7 819 829 829 97.0 975 99.0
24 45 7 142.9 83.0 81.9 81.7 989 979 99.4
25 45 11 28.6 46.8 45.2 46.3 448 439 45.2
26 45 11 85.7 719 69.9 70.2 772 75.7 78.0
27 45 1 142.9 74.9 75.6 75.4 946 927 95.5
Table 4

A set of linear and interaction coefficient values of the predicted model for COD
removal with a 95% significance level (p <5%) and 12 =0.9824.

Parameter actions Coefficient Value Standard deviation  texp p (%)
o ap 70.208  0.320 21922 <0.01
T a 4134 0392 10.54 <0.01
0 a -15.153  0.392 3863 <0.01
(@2 b2z 4148 0.340 1221  <0.01
a3 as 6.709 0.453 14.80 <0.01
(g3 b33 2323 0392 592 <0.01
41 X Q2 b 1.752 0277 632 <0.01
1 x (q2)? Wi —0.986 0.240 —411 001
(q1? x G2 Wiz 0.959 0.240 399 001
G xq3 i 3732 0555 6.72 <0.01
q1 x(q3)? W33 1.061 0.481 2.21 3.09
(q1)? xq3 Wiz 1407 0.481 293 048
(q1)? % (q3)? Vi3 0.927 0416 223 295
@ % q3 b3 11.233 0555 2024 <0.01
q2 < (q3)? Wa33 6385 0.481 13.28  <0.01
(q2)* x q3 W23 —2.228 0.480662 463 <0.01

Predicted decolourisation %

0 -
0 20 40 60 80 100
Observed decolourisation %

Fig. 1. Correlation between the observed COD removal (a) and decolourisation (b) values and their corresponding ones as predicted by the proposed statistical model.
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Table 5
Asetoflinear and interaction coefficient values of the predicted model for decolouri-
sation with a 95% significant level (p<5%) and 12 =0.93424.

Parameter actions  Coefficient  Value Standard deviation  fexp p (%)
qo ao 67.989 1.546 4397 <0.01
q1 a; 15.895 1.894 8.39 <0.01
q2 a -5.407 1.894 -2.85 0.58
(q2)? b2 11.028  1.640 6.72 <0.01
qs3 as 28.000 2.188 12.80 <0.01
(q3)? ba3 9.545 1.895 5.04 <0.01
q1 % (q2)? Wi22 —-3.458 1.159 —2.98 0.41
q1 X Q3 bi3 —8.588  2.680 -3.20 0.21
q2 X q3 by —-9.136  2.680 —-3.41 0.11
g2 X (Q3 )2 W33 -8.584 2.321 -3.70 0.05
(q2)* x q3 W223 -9.497 2.321 —-4.10 0.01

Based on a total of 27 EC runs, response functions (R) were built
in 3D graphs, and the experimental data were predicted by using
a fourth order model (see Eq. (11)) for decolourisation and COD
removal values, showing thus their dependencies on the ROP val-
ues. From the Tables 6 and 7, the ANOVA analysis has confirmed that
both predicted models based on the Eq. (16), with coefficient values
given in Tables 4 and 5, have reproduced very well the COD removal
and decolourisation data. The ANOVA analysis has given confidence
levels of 99.99% and 96.4%, when the significance level, calculated
from the ratio of the mean square errors due to the regression and
to the residues, is ranging from 0.01 to 3.6.

The statistical analysis of the 33 full factorial design have shown
that the ROP values have significantly influenced the COD removal
and decolourisation, according to the estimated a;, a; and a3
coefficient values. A negative effect (a, <0, see Tables 4 and 5)
is only assigned to the initial pH, suggesting an increase on the
pollutant removal efficiency as the initial pH value is in alka-
line region. Similar results were observed for the quadratic terms
(by2 >0 and b33 >0, see Tables 4 and 5) on the initial pH and cur-
rent density. It is a well known fact that EC processes are strongly
pH dependent, because iron ions are difficult to aggregate under
acidic conditions. While complexes such as iron hydroxides can
be formed at alkaline pH, and at high initial pH conditions they
are expected to shift the final pH towards alkaline region due to
the generations of hydroxyl radicals. When electrolysis time and
current density have simultaneously reached their higher levels,
the COD removal and decolourisation were found at maximum
values.

The combined actions of electrolysis time and initial pH
(g1 x g2), of initial pH and current density (g, x g3, by3 =11.233), as
well as, of electrolysis time and current density (q; x g3, b3 =3.732),
have significantly influenced (p<0.01%) only the COD removal

Table 6
Two-way ANOVA test of the predicted model for COD removal values.

(see Table 4). However, the colour removal is improved under the
quadratic contribution of initial pH (b, = 11.028, p <0.01%) and cur-
rent density (b33=9.545, p<0.01%) and as a linear contribution
of electrolysis time (a; =15.895, p<0.01%), initial pH (a; = —5.407,
p<0.58%), and current density (a3 =28.0, p<0.01%), as shown in
Table 5. The colour removal has been significantly influenced
by the combined action of electrolysis time and current density
(by3=—8.588, p=0.21%), as well as, of initial pH and current density
(by3=-9.136, p=0.11%). As can be observed in the Fig. 2, the best
results for decolourisation were for pH 7 and high current density
(149Am~2).

3.3. Electrolysis time effect

Based on the 33 full factorial design and two-way ANOVA results,
different EC experiments were performed, where the reactor per-
formance was as follows: 142.9 Am~2 current density, and pH 7. For
this experimental set up, the electrolysis time ranging between 15
and 90 min has shown a good efficiency for the turbidity, sulphate,
COD, and TOC, as can be seen in Fig. 3. After 15 min of EC treat-
ment, the removal percentage of 92%, 62%, and 41% was reached for
the turbidity, COD and TOC values, respectively. For the sulphate
removal, a fast reduction around 75% in the first 5 min was observed
to occur for the sulphates, keeping constant, within a standard devi-
ation, for up to 90 min, while, constant removal values around 97%,
77%,and 55% were reached above 60 min of EC treatment for the tur-
bidity, COD and TOC values, respectively. Moreover, an almost 100%
decolourisation for IDE samples has been achieved above 30 min for
all maximum absorption wavelengths, as shown in Fig. 4. Organic
nitrogen, which is present in molecules of many organic materials,
can be slowly destroyed by electrochemical processes, permitting
a direct and indirect oxidation of organic matter in more simple
forms, such as ammonia nitrogen, or inorganic nitrite and nitrate.
During the EC process, a part of the total organic nitrogen has been
flocculated to form a precipitated and floated matter and then a
sludge, while the rest has been detected in a supernatant effluent.
After about 5 min of electrolysis time, the nitrification process was
observed to occur with the formation of ammonia nitrogen and then
after 30 min the inorganic nitrate begins to be formed, as shown in
Fig. 5. The reductions of S, Cl, Ca and Cu in 5-90 electrolysis time
intervals are also summarized in Table 8.

3.4. Toxicological tests

The toxicological effect results of non-treated and treated IDE on
the germination and root growth are summarized in Table 9. The
estimated median lethal dose (LDsg) values and their confidence

Sum of square errors Degrees of freedom Mean square error F Significance level (%)
Calculated Statistical
Regression 12397.5 18 688.7 248.864 1.8 <0.01
Residues 171.6 62
Total 12569.1 80
Table 7
Two-way ANOVA test of the predicted model for decolourisation values.
Sum of square errors Degrees of freedom Mean square error I Significance level (%)
Calculated Statistical
Regression 56828.3 18 3157.1 48.932 1.8 3.6
Residues 4000.3 62

Total 60828.6 80
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Fig. 2. Experimental response surface results obtained by applying a 33 full factorial design for the EC process, by using the treated IDE, from the experimental data of (a)
decolourisation vs. electrolysis time (q;) and initial pH (g2) and (b) decolourisation vs. electrolysis time (q; ) and current density (qs3).
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Fig. 3. Removal profiles (turbidity, sulfate, COD and TOC, %) as a function of electrol-

ysis time for an EC system when using the non-treated IDE (initial pH 7.0), and the
iron electrodes with 143 Am~2 current density.
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Fig. 4. The decolourisation profiles for all maximum absorption wavelengths as a

function of electrolysis time for an EC system when using the non-treated IDE (initial
pH 7.0), and the iron electrodes with 143 Am~2 current density.
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Fig. 5. Organic nitrogen, ammonia nitrogen, inorganic nitrate concentration as a
function of electrolysis time for an EC system when using the non-treated IDE (initial
pH 7.0), and the iron electrodes with 143 Am~2 current density.

intervals were derived by using the Trimmed Spearman-Karber
method [22].

The length of the radicle and length of roots represented by
the AG and GI were strongly inhibited by the presence of soluble
toxic compounds in 100% non-treated IDE. The best results for the
growth of the root and the root length were the 47% treated IDE
solution at 5min of electrolysis time, according to the best LDsg
value (see Table 9). For high dose interval (10-30%) of treated IDE,

Table 8

Elementary removal percentage in the 5-90 min electrolysis time interval for the
EC system, using the non-treated IDE (initial pH 7.0) and iron electrodes with
142.9 Am~2 current density.

Time (min) Removal%
S Cl Ca Cu
5 26 14 8 38
15 30 25 16 97
30 49 36 72 97
0 56 60 91 98

90 59 73 96 98

335
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Table 9

The percentage of the absolute germination and the germination index average value for lettuce seed bioassays, calculated at five dilutions (1%, 3%, 10%, 30% and 100%) of non-
and treated IDE solutions, in triplicates. The estimated median lethal dose (LDso) values and their confidence intervals are derived by using the Trimmed Spearman-Karber

method (Hamilton et al. [22]).

Time (min) %Treated IDE solution mixed to control solution LDs (%) Confidence interval (95.5%)
1 3 10 30 100
AG? GIP AG GI AG GI AG GI AG GI
0 90 73 80 17 70 15 50 8 0 0 21 13-32
5 85 59 85 52 85 94 80 70 0 0 47 41-55
15 90 100 85 75 85 58 80 39 0 0 35 29-43
30 85 65 80 49 70 47 60 36 0 0 28 21-37
60 80 58 80 61 70 51 70 44 0 0 40 31-52
90 80 72 70 62 70 48 60 29 0 0 29 21-40

2 Absolute germination.
b Germination index.

Table 10

Estimated median lethal dose (LDso) values obtained from the Artemia salina assay using 10 larvae in triplicate, and applied to five diluted treated IDE solutions for five
electrolysis times. The estimated median lethal dose (LDsg) values and their confidence intervals derived by the use of Trimmed Spearman-Karber method (Hamilton et al.,

[22]).
Time (min) %Treated IDE solution mixed to control solution LDso (%) Confidence interval (95.5%)
20 40 60 80 100
0 30/30 30/30 30/30 30/30 30/30
5 7/30 7/30 8/30 10/30 22/30 90 85-96
15 8/30 8/30 9/30 10/30 25/30 87 79-96
30 11/30 11/30 12/30 16/30 23/30 77 64-94
60 11/30 12/30 16/30 16/30 27/30 64 47-87
90 9/30 9/30 14/30 16/30 27/30 70 61-99

higher AG and IG values were observed at 5min of electrolysis
time. When there is an increase in the electrolysis time, the IDE
have worsened for the seed germination, as shown by the decrease
of both toxicological indicator values, suggesting that an increase
in electrolysis time above 5 min, the seed germination begins to
worsen.

On the other hand, a similar response was observed for the
Artemia assay as compared with the Lactuca assay, as shown in
Table 10. At 5min electrolysis time, the highest LD5q value was
achieved at 90% treated IDE, indicating that there is a smaller dead
index for treated IDE and all their dilutions. The toxicological inhi-
bition effect for both bioassays are due to the formation of more
toxic nitrogen forms created from the organic nitrogen by oxidation
processes during the EC treatments (see Fig. 5).

Because of the high remaining toxicity level above 30 min of
electrolysis time, the EC process is not adequate to be used as a
single effluent treatment. However, for a short electrolysis time of
5 min, the EC process has simultaneously provided a great pollutant
removal and a lowest toxic load, suggesting that this electrochemi-
cal process could be used as a part of a complete effluent treatment
system, that contains a subsequent biological treatment stage, in
order torelease the lowest pollutant load into water bodies, accord-
ing to the environmental normes.

4. Conclusion

The preliminary EC results based on the full factorial design have
shown that the initial pH is not a significantly statistical parame-
ter in a 95% confidence level. Hence, the EC system was operated
close to the natural effluent pH (7.0), where satisfactory results were
achieved. By increasing the electrolysis time, high removal factors
have been reached in turbidity, sulphates, COD, TOC, decolourisa-
tion, Cl, Ca, Cu, and S concentrations. The toxicological tests, based
on the Lactuca and Artemia assays, have shown a low toxicity level
for the treated-textile dye wastewaters by using the EC process for
5 min of electrolysis time. Due to the high remaining toxicity level
above 30 min of electrolysis time, the EC process is not adequate

for use in a single effluent treatment one, suggesting that this elec-
trochemical process could be used as part of a complete effluent
treatment system, that contains a subsequent biological treatment
stage in order to release the lowest pollutant load into water bodies,
according to the environmental norms.
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