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Abstract

Basic yellow 28 (SLY) and Reactive black 5 (CBWB), which are respectively methine and sulfoazo textile dyes were

individually exposed to electrochemical treatment using diamond-, aluminium-, copper- and iron–zinc alloy electrodes.

The generated current was registered with time during electrolysis of the dye solutions and the color variation and the

formation of degradation products were followed using HPLC with diode array detection. Four different electrodic

materials were tested by applying different potentials in the range )1.0 to )2.5 V and presented 95% color removal and

COD removal of up to 65–67% in the case of CBWB dye solution treated with the copper and iron electrodes. Efficiency

was enhanced with stirring and flow in relation to the stationary regime. The kinetic parameter reaction rate was used to

establish the effect of flow, potential, electrode nature and pH. The formation and characterization of the precipitate

formed under certain conditions is reported and discussed.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Textile industry is one of the most polluting sectors

when discharge volumes and effluent composition are

considered. The treatment of its wastewater is com-

monly carried out using biological (Del�eee et al., 1998)

and physico-chemical methods (Vandevivere et al.,

1998). However, many of the commercially used dyes

are resistant to biodegradation. As a result, coagulation

(Vandevivere et al., 1998), coagulation–electrooxidation

(Xiong et al., 2001), adsorption (Morais et al., 1999),

electrolysis (D�aavila-Jim�eenez et al., 2000), photolysis

(Ince, 1999) and ozonation are promising in terms of
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performance, while the economic aspect has become the

most challenging problem. At this time small scale oxi-

dizing methods use Fenton’s reagent (Powell et al.,

1994), which has lower costs in comparison with ozone

process in dye liquors treatment (Gregor, 1994). The

oxidizing effect of the Corona discharge is also known

and it has been reported by Goheen et al. (1994) as an

effective method to bleach organic dyes using a stainless

steel electrode.

Recently new results of Yang et al. (2000) on the

color removal in dye wastewater were reported

by applying electrogenerated hypochlorite ions and

(Ru+Pt)Ox binary electrodes. However, the removal of

dyes from wastewater in an economic way by using

electrochemical methods and low-cost electrodes re-

mains a major concern. Therefore there is a growing

interest in using easily available materials, the so-called

sacrificial electrodes. Carbon (McClung and Lemley,
ed.
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1994; Sheng and Peng, 1994; Xiong et al., 2001), Ti/Pt

(Vlyssides et al., 2000), aluminium (Kobya et al., 2003)

and iron (DeFazio and Lemley, 1999) electrodes have

been tested. Performance of a carbon fiber electrode (Jia

et al., 1999) was comparable, for example, with that

of the Fenton’s reagent. Cu, Pt, Ni, Ti and diamond

electrodes were useful (D�aavila-Jim�eenez et al., 2000) in

studying the decomposition of textile dyes by means

of high performance liquid chromatography (HPLC).

However, maximum efficiency reached in that work was

70% due probably to poisoning of those solid electrodes.

Evidently sponge and screen electrodes should present

different behavior and offer better mass transfer oper-

ating variables. The enhancement of the mass transfer

avoids saturation of the electrode surface and in conse-

quence, improves the efficiency of electrochemical reac-

tors as demonstrated by Sedahmed et al. (1986) for

example, in stirred systems and with air flow (Xiong

et al., 2001). Care must be taken in considering reports

on degradation of dyes, where the process has been

monitored and has been erroneously called by the au-

thors ‘‘dynamic electrolysis’’ (Shen et al., 2001).

Commonly the electrochemical technology to remove

color uses steel electrodes to generate ferrous hydroxide

and ferric oxyhydroxide. The treated water and the

newly forming solids pass to a clarifier to subsequently

handling. To reduce solids generation the two most

important factors are pH and solubility both of elec-

trode ions and precipitates. Therefore, the performance

of non-conventional electrodes with diverse composition

and the impact of the metal solubility can also be ex-

plored.

Generally textile effluents have a complex and vari-

able composition, but the use of a simulated waste by

means of an artificial aqueous solution facilitates the

assessment of a treatment process for emerging tech-

nology. Our work was focused on testing several
Table 1

Textile dyes and name abbreviations used in this study

Code Structural formulae C

SLY
G

Y

S

CBWB
N

C

electrodic materials for the electrochemical treatment of

selected textile dyes under dynamic conditions with mass

transfer. Previous studies had used in situ colorimetric

measurements, or parameters like chemical oxygen de-

mand (COD) and total organic carbon (TOC), for

determining the dyes removal from model solutions.

This investigation presents the use of metal alloys elec-

trodes, new conditions for the electrochemical treat-

ment and the analysis of the treated artificial solution

by HPLC to follow the quenching of the color and the

formation of uncolored breakdown products.
2. Materials and methods

2.1. Chemicals

Dyes listed in Table 1 were chosen because of their

extended regional use. Sandocryl gold yellow (Basic

yellow 28) was Clariant product number 14 277. Navy

blue Cibacron WB dye is produced by Ciba. They were

used as received and the relative content in the samples

determined by HPLC at 220 nm was 89–90%. Other

minor components (10–11%) could correspond to dye-

stuff intermediates or compounds, which served as start

materials in the dye synthesis. Dyes solutions with

concentration 100 mg l�1 were prepared in purified water

obtained from a Milli-Q reagent grade water system.

The same was used in the chromatographic analysis

together with Methanol HPLC grade. Phosphates buffer

was prepared from reagent grade salts from J.T. Baker

Chemical (Phillisburg, NJ, USA), with a ionic strength

l ¼ 1:54. The electrodic materials designated as Al99,

Cu74 and Fe52 were used. Their respective metal con-

tent was 99% aluminium, 74% copper and 52% iron

as determined by X-ray fluorescence spectroscopy. The

complementary second component was Zn and trace
ommercial name Color index kmax (nm) M

old
Basic yellow 28 450 433

ellow

andocryl

avy blue Reactive black 5 600 991

ibacron WB
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metals in definite amounts were: Cr 0.07%, Mn 0.02%,

Fe 0.08%, Cu 0.01% in Al99, Cr 0.01%, Mn 0.01%, Fe

0.4% in Cu74 and Cr 0.1%, Mn 0.3%, Cu 0.2%, Mo

0.02% in Fe52.

2.2. Apparatus

Electrodes analysis was carried out by X-ray fluo-

rescence spectroscopy (Spectrace Instruments) at the

following tube voltage, tube current and atmosphere,

respectively: 6 kV, 0.10 mA, vacuum for Al99; 30 kV,

0.20 mA, air for Cu74 and Fe52. Electrolysis was carried

out at potentials varying from )1.0 to )2.5 V using a

home made potentiostat–galvanostat registered with the

Puebla (Mexico) and Lodz (Poland) universities acro-

nyms, as UAP/LODZ and the working electrodes were

diamond and those indicated in the previous section.

Geometric area was 3 cm2 for diamond and 18 cm2 for

the metallic electrodes. The diamond electrode consisted

of a Ti-sheet coated with diamond with a 0.1–1 lm
thickness and was purchased from DiaChem�-Elec-

trodes. The auxiliary electrode consisted of a nickel bar

(>30 cm2) and in all cases a saturated Calomel reference

electrode was used. The cell (100 ml) consisted of a

cylindrical, jacketed reaction kettle with one upper and

one lower tubulation for pump tubing. A ground seal

three-necked cover enabled vertical positioning of the

electrodes. A peristaltic pump Spetec Perimax 12 was

utilized to produce a continuous circulation into the

electrolysis cell. Before electrolysis the system was kept

at open circuit during 5 min. Initial solutions were

analyzed utilizing a Beckman DU 7500 spectropho-

tometer. The chromatographic system consisted of a

Beckman Gold system with diode array detector. The

chromatographic separations were performed on Beck-

man Octyl column (15 cm long with 4.6 mm ID). All

were stainless steel columns with 5-lm packing. Mobile

phase composition was 20% methanol–aqueous buffer

solution KH2PO4 ÆNa2HPO4 with pH 5. Flow rate was

0.8 mlmin�1 and analysis was performed at ambient

temperature. The sludge characterization was performed

by using a Shimadzu model XD 5A X-ray diffractometer

with a Cu-Ka X-ray source (1.5418 �AA) at 30 mA and 30

kV. The scan speed was set at 0.5� min�1. The angular

range was from 20� to 100�. The measurement temper-

ature was 30 �C±1. A Nicolet Magna FT-IR-750

spectroscopy apparatus was employed to determine the

presence of functional groups and a Beckman DU 7500

spectrophotometer was used to analyze the sludge

leachate.

2.3. Procedures

Prior to each electrolysis UV–VIS spectra of dye

solutions were obtained to establish their maximum

absorbance wavelength and every dyestuff was chro-
matographed individually at two detection wavelengths:

at 450 nm for the methine class Gold yellow Sandocryl

(SLY) dye and at 590 for the disazo class Navy blue

Cibacron WB (CBWB) dye. The second detection

channel was set at 220 nm wavelength for every dye to

determine dye purity and the formation of degradation

products, which did not exhibit color.

Batch electrochemical treatments of 50 ml solution

were carried out in the glass cell described above in the

presence of oxygen in phosphates buffer solution (pH 7).

In order to obtain reproducible results, electrodes were

degreased in CCl4 during 3 min in an ultrasonic bath,

rinsed with acetone and then water before being

placed in the cell. The anode was sanded and washed

with concentrated H2SO4 between different experiments.

Experiments were carried out under stationary regime

and with flow allowing the solution to circulate through

the cell with the help of a peristaltic pump. The flow

velocity could be ranged from 1 to 5 mlmin�1, it was

regulated by the pump and measured by means of a

calibrated rotameter. All electrolysis were carried out at

25 �C in triplicate and resulting graphs present mean

values.

Batch solutions of dyes dissolved in phosphates

buffer solution, were chromatographed before and after

electrochemical treatment. As control test each not

treated solution was analyzed periodically. Maximum

variation of the dye concentration was 6%. Under po-

tentiostatic conditions curves current vs. time were reg-

istered and aliquots were taken from the batch solution

at determined time intervals for HPLC analysis. Aliqu-

ots were collected in polycarbonate or Teflon jars and

analyzed immediately. From the following calibra-

tion curves: CðCBWBÞ ¼ Apeak=0:2366 (R2 ¼ 0:9981) and
CðSLYÞ ¼ Apeak=0:1396 (R2 ¼ 0:9975) the residual dye

concentration in mg l�1 was calculated. COD values

were obtained photometrically by the test method B of

the ASTM (2003).
3. Results and discussion

3.1. Diamond electrode

Diamond electrode is rapidly becoming popular and

was proposed by Van Hege et al. (2002) for the treat-

ment of retentates of reverse osmosis during electro-

chemical oxidation. Adsorption has been recognized by

Wilcock et al. (1996) as a promoting phenomenon for

removal of contaminants via electrochemical processing.

However, diamond electrodes (D�aavila-Jim�eenez et al.,

2000) and also Cu, Pt, Ni and Ti solid electrodes suffered

deactivation after prolonged work caused as it could

be demonstrated (D�aavila-Jim�eenez et al., 2000), by

the adsorption of the products formed during the elec-

trochemical treatment of dyes. On the other hand,



Fig. 1. Current (A) and dye concentration decay (B) curves of

Sandocryl yellow during electrochemical treatment at )2.5 V

and pH 7 using diamond electrode in stationary regime (j) and

with flow (�) at velocity 3 mlmin�1.
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Sedahmed et al. (1986) demonstrated that stirring by gas

sparging enhanced efficiency of electrochemical reactors

and in full-scale systems wastewater flows through the

cell gaps. Since hydrogen evolution already produced

gas sparging and to avoid excessive adsorption, we

decided to examine the effect of flow on the efficiency of

the diamond electrode. Current and concentration decay

curves of SLY under different regimes are presented in

Fig. 1. Typical polarization curves with well-defined

limiting current plateaux were obtained (Fig. 1A). It can

be appreciated that the plateau level was reached at

lower current value in the stationary regime system in

comparison with the dynamic regime and that decol-

orisation occurred readily and efficiently in the flow
Table 2

Rate constant k calculated from the linear plot of logðCt=C0Þ versus
k (h�1) for SLY k (h�1) for CBWB with stirring at 3 mlm

Diamond electrode

at pH 7 and )2.5 V

Fe52 electrode at pH 7 varying potentia

Static With stirring )1.0 V )1.5 V )2.0 V )

0.1 7.7 0.1 1.7 1.8 2
system as it is shown in Fig. 1B. The rate constants

shown in Table 2 demonstrate that degradation on the

diamond electrode occurred more than 75 times faster

under the dynamic regime than under the stationary

regime.

3.2. Aluminium, copper and iron electrodes

Under the above conditions, the diamond electrode

improved its efficiency in dye removal when a dynamic

regime was applied. For the electrodes consisting of a

metal alloy mesh: Al99, Cu74 and Fe52 we performed

electroreduction of the CBWB dye in the flow velocity

range 1–10 mlmin�1. In this communication results with

flow yielding the best experimental conditions, at flow

rate 3 mlmin�1 are presented. When considering the

energy consumed by the circulating system as a function

of flow, low flow rates are a favorable economic factor.

A second economic aspect is the energetic cost. So we

studied in detail the effect of the applied potential value

on the color diminution. Fig. 2A presents this result in

the case of the CBWB dye at the Fe52 electrode, where it

can be appreciated that at potential )1.0 V slight color

removal (14%) was reached after 40 min treatment,

while at potential equal or more negative than )1.5 V

almost total color removal was achieved. When we

examined the log Ct/C0 vs. t curves we obtained from the

slopes, that the rate constants (Table 2) of the processes

was practically the same starting at )1.5 V and that the

difference in the remaining dye concentration was 2%.

The experiments reported below correspond to elec-

trolysis performed at potential value )2.5 V and pH 7.

Fig. 2B presents the curves for the electrolysis of the

CBWB dye by using Al99, Cu74 and Fe52 electrodes.

During treatment in all cases, cathodic current intensity

increased with time as it was also observed for diamond

(Fig. 1A). We found from the rate constants presented in

Table 2 that the degradation took place 1.5 times faster

on Al99 than on Cu74 and Fe52. Efficiency in terms of

the time necessary to descend 50% of the dye concen-

tration (t50%) during electrochemical treatment together

with the COD value at the end of the 40 min treatment

can be used to compare electrodes performance. Table 3

presents the results of the degradation of the CBWB dye

by using four electrodes under dynamic regime with

flow velocity 3 mlmin�1. The final dye concentration
t in different experiments

in�1

l Electrodes at pH 7

and )2.5 V

Fe52 electrode at )2.5 V

varying pH

2.5 V Al99 Cu74 pH 7 pH 5.5

.0 2.9 2.2 1.8 7.4



Fig. 2. Cibacron WB concentration decay curves using elec-

trode Fe52 at different potentials (A) and using different elec-

trodes at )2.5 V (B) with flow at 3 mlmin�1.
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after treatment with all three different electrodes differ

slightly, nevertheless color disappearance related to

concentration diminution of the dye as original mole-

cule, does not mean complete degradation neither

complete removal of pollutants in water. Values of COD

indicating the removal degree for the studied dyes trea-

ted during 40 min with different electrodes are also

gathered in Table 3, except for the diamond electrode.

The COD initial values for the CBWB dye solutions
Table 3

Electrodes efficiency and pH in the electroreduction of the

disazo dye CBWB

Electrode Initial

pH

t50%
(min)

COD removal efficiency

after 40 min electrolysis

(%)

Diamond 7 25

Al99 8 50

Cu74 3 67

Fe52 5 65

Fe52 5.5 3 69

Electrochemical treatment at )2.5 V under dynamic regime

with flow at 3 mlmin�1.
with concentration 100 mg l�1 was 615 mg l�1. The Al99

aluminium electrode consisting of 99% aluminium re-

moved faster but only 50% of the disazo CBWB dye in

terms of COD, while the Cu74 and Fe52 electrodes re-

moved 65–69% of the COD, which corresponded to a

residual COD value of 203–215 mg l�1, that is within the

World Health Organization’s (WHO’s) allowed maxi-

mum level (200–240 mg l�1). When watching both at the

chemistry of the dye and at its adsorption on the alu-

minium oxyhydroxide matrix (Wilcock et al., 1996) it

could be speculated that a ‘‘pure’’ (99% Al) electrode

could yield the best removal efficiency. In our laboratory

COD removal was 81–85% for the Mariposa Blue dye

with a structure different to that of the CWBW dye by

using all the three electrodes Al99, Cu74 and Fe52,

which by the way may produce a complex oxyhydrox-

ides mixture (copper–zinc hydroxide and iron–zinc

hydroxide). Here we concluded that removal efficiency

was not a function of the electrode purity, but depends

mainly on the structure of the molecule. Satisfactory

photocatalytic removal of the dye CBWB has also been

reported (Poulios and Tsachpinis, 1999) after 20 min

radiation from a 40 mg l�1 dye solution. Vat, reactive

and direct dyes have been removed with 87–100% effi-

ciency in terms of color removal (Jia et al., 1999) by

using an electrode made of carbon fiber and a piece of

iron after 60 min treatment applying a high potential

of 25 V. Removal of reactive dyes from real dyeing

wastewater (Vlyssides et al., 2000) reached 77% by

electrooxidation using Ti/Pt as anode, but unfortunately

the potential value was not reported. In that work we

can access to the energy consumption data reported as

22 kWhkg�1 organic load after 15 min oxidation.

Treatment efficiency quoted in Table 3 in terms of t50%
could have economical importance, as well as the po-

tential magnitude, when the energy consumption of the

process is considered. Results obtained with iron and

aluminium electrodes (Kobya et al., 2003) showed that,

as in our case, aluminium was inferior to iron from the

energy consumption and efficiency points of view.
3.3. Influence of pH on the system CBWB dye-Fe52

electrode

The time necessary for degradation depends mainly

upon the concentration and stability of the solutes, when

other factors as temperature, potential, flow and elec-

trodes geometry and nature have been optimized. Al-

most all dyes are represented by molecules consisting of

atomic systems with abundant p-electrons, which are

also responsible for color. Any color change, as in the

case of indicators, can be associated with the structural

or electrons distribution changes that may be induced

by protons, according to the scheme for a general dye

moiety:



(1a) (1b) (1c)

ð1Þ
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Although it was reported (Jia et al., 1999) that the

effect of pH was not significant in the treatment of

dyeing wastewater, protonation and deprotonation may

modify the affinity of the dye for the electrochemically

generated ionic species. So we explored the performance

of the Fe52 electrode in the color removal of the dye

CBWB at pH 7 as described above and additionally at

pH 5.5. When Ct/C0 vs. t graphs as those depicted in

Figs. 1 and 2 are plotted in logarithmic scale, a linear

dependence provides direct kinetic information. This

would indicate a first order kinetics reaction and the

higher the absolute slope value, the higher the rate

constant as it can be appreciated in Fig. 3. Furthermore,

quantitative evaluation of the slope by the common

linearization procedures yielded the rate constant values

listed in Table 2 for Fe52 at pH 5.5 and 7. When the

process takes place in the presence of oxygen in a one-

compartment cell at )2.5 V the following reactions can

take place:

in acid medium O2 þ 4HþðaqÞ þ 4e� ! 2H2O ð2Þ

and=or 2Hþ þ 2e� ! H2 ð3Þ

These reactions depend on the pH of the solution and on

the potential and it is known that the half-reactions may

modify the pH in the vicinity of the electrode. The
Fig. 3. Linear dependence of the concentration with time for

the first order kinetics electrolysis reaction of Cibacron WB at

different pH±0.1 values at the Fe52 electrode ()2.5 V) with

flow at 3 mlmin�1.
Pourbaix diagrams overlaying the redox and acid–base

chemistry of metals showed that at the potential and pH

conditions of our experiments the following species of

iron and zinc could be present at pH 5.5 and 7: FeðsÞ
(Coleman, 2003), ZnðsÞ, Zn

2þ
ðaqÞ and Zn(OH)2 ðs; amorphousÞ,

(Rotinyan et al., 1981). These species may appear in

negligible amounts when the electrodes remained at

open circuit potential for about 5–10 min before elec-

trolysis. For the CBWB dye studied at )2.5 V on the

Fe52 electrode at pH values of 5.5 and 7.0, it was ob-

served that the rate constant (Table 2) was four times

greater at pH 5.5 than at pH 7.0. When pH was 5.5 the

dye presents the tautomeric forms (1b+ 1c) depicted in

Eq. (1), while H2 was produced abundantly according to

Eq. (3) and the single ionic species was Zn2þ (Rotinyan

et al., 1981) coming from the Zn component of the Fe52

electrode. Reduction of the non-adsorbed dye as a free

positive species occurred readily by consumption of H2

since the reaction:

Zn2þ þ 4H2O ! ZnðOHÞ2 þ 2H3O
þ ð4Þ

was thermodynamically impossible (DG298 ¼ þ1:5 kJ

mol�1) at pH 5.5. We calculated the Gibbs free energy

variation of Zn(OH)2 of Eq. (4) and of the following zinc

hydroxide and zincate for the pH value of 7, which

according to Rotinyan et al. (1981) can be formed:

ZnðOHÞ2 þH2O ! HZnO�
2 þH3O

þ ð5Þ

ZnðOHÞ2 þ 2H2O ! ZnO�
2 þ 2H3O

þ ð6Þ

The species generated at pH 7 by reactions (4)–(6) can be

arranged according to their thermodynamically favor-

able formation: ZnO�
2 (DG298 ¼ �88:2 kJmol�1)>

HZnO�
2 (DG298 ¼ �54:5 kJmol�1)>Zn(OH)2 (DG298 ¼

�15:6 kJmol�1). The electrostatic interactions between

the species ZnO�
2 and HZnO�

2 formed on the electrode

surface and the positively charged dye would be stronger

in comparison with the dispersive interaction between

the uncharged surface species Zn(OH)2 and the dye in

equilibrium. Facing this situation it can be postulated

that at )2.5 V a faster dye reduction process at pH 5.5

took place as a result of the absence of rising interac-

tions between the dye and the zinc species. A slower

reaction and the fact that by similar COD removal (see

Table 3) the decolorization of the dye after 40 min

electrolysis was less (see Fig. 3) at pH 7 than at pH 5.5
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could be explained by considering the complexity of the

interactions in the electrode surface.
Fig. 4. Chromatograms of the CBWB dye solutions after 15

min electrolysis (B) under dynamic regime with flow at 3

mlmin�1 in comparison with the solution before electrolysis

(A). Working electrode Fe52. Column OCTYL, flow rate 0.8

ml/min, mobile phase: (20:80) aqueous phosphate buffer, pH 5-

methanol (2.5 min) and linear gradient buffer–methanol (20:80)

to (50:50). Temperature 25 �C. Detection wavelength 220 nm.
3.4. Electroreduction products of the system CBWB dye-

Fe52 electrode

To demonstrate the formation of degradation or

reduction products during monitoring of the electro-

chemical treatment, Fig. 4 shows chromatograms of the

initial solution and after electrolysis of the sulfoazo

CBWB dye using the electrode Fe52. After 15 min

electroreduction the dye peak appearing at retention

time 15 min was no more observed at detection wave-

length 220 nm. The main reason for not selecting the dye

maximum absorbance wavelength in this part of the

study was the fact that decomposition components

presenting absorbance bands in the UV spectral region

could be monitored. As it can be appreciated in Fig. 4,

there are two new components (7a and 7b) in the solu-

tion, which presented smaller retention times than the

dye molecule. This indicates the presence of compounds

exhibiting less hydrophobicity (regarding the reverse

stationary phase) and correspondingly lower carbon

atom number than the original dye molecule. Since

chemical reduction of the azo linkage commonly results

in the formation of lower molecular weight aromatic

amine entities and produces the parallel elimination of

color in the reduced solutions of the dyes, the following

intermediate reaction can be postulated for the CBWB

dye:
ð7Þ
Here the (7a) and (7b) molecule fragments probably

correspond to the two peaks observed in Fig. 4 after 15

min electrolysis, which disappeared from the batch

solution at the end of the procedure.

The curves in Fig. 3 together with the constant rates

listed in Table 2 demonstrated that the process occurred

with distinct rate at different pH, but the most interest-

ing result was the absence of precipitate formed in the

cell bottom, when electrolysis was carried out in phos-

phates buffer at pH 5.5. In experiments performed in

phosphates buffer at pH 7, we observed formation of

white-bluish sludge at the cell. Due to its color, the
white-bluish precipitate could contain some blue dye.

However the IR spectrum shown in Fig. 5A (continuous

line) did not correspond to the dye IR spectrum
although the observed bands at 1607 cm�1 and 3051

cm�1 could be assigned to the azo (1630 cm�1) and

aromatic (3030–3080 cm�1) groups. This spectrum could

be related then with two or more solids in mixture

producing overlapping bands. In order to discriminate

the adsorption or deposition of the blue dye onto a

potentially white precipitate, the sludge was leached

thoroughly in water and in methanol. The leachate did

no present the absorption band of the dye as presented

in Fig. 5B. The feasibility of metals to build complexes

with dyes (Baughman, 2001) and azo-compounds in

general (Wang et al., 2000) is well known. Since sulfonate



Fig. 5. FTIR spectra (A) of the electrolysis sludge (continuous

line) and of the precipitate in absence of the dye CBWB (dotted

line) and VIS spectra (B) of the dye solution of the leachate.

Fig. 6. X-ray diffraction pattern of the sludge obtained after

electrolysis of the CBWB dye performed with the Fe52 elec-

trode at )2.5 V with flow at 3 mlmin�1 and pH 7 in phosphate

buffer.

8 M. Cer�oon-Rivera et al. / Chemosphere 55 (2004) 1–10
complexes of Orange G have been reported by Bandara

et al. (1999) during the adsorption of the dye on Fe, Ti

and Al oxides; the idea of a sludge coming from a

complex formed between the dye and the metal of the

electrode seemed plausible. A blank electrolysis experi-

ment (phosphates buffer at pH 7 in absence of dye)

demonstrated contrary to our expectations, that no dye

was contained in the sludge since the spectra of the

precipitate obtained with dye (continuous line) and

without dye (dotted line) in Fig. 5A were identical. The

spectra were very similar to those obtained for metal

phosphates (Mustafa et al., 1999; Dinamani and Ka-

math, 2001), whereby the bands in Fig. 5A at 575 and

1007 cm�1 can be assigned to P–O stretching and

bending vibrations, respectively; and at 1607 and 3000–

3500 cm�1 to O–H stretching and bending, respectively

indicating that the metal phosphate is hydrated. X-ray

characterization of the sludge obtained with dye and

without dye yielded identical patterns and the following

results: 92 ± 2% Fe3(PO4)2 Æ 8H2O (vivianite) + 8 ±2%

Fe(PO4) Æ 2H2O (fosfosiderite). Fig. 6 shows the diffrac-

tion pattern obtained in presence of dye, where 28 peaks

corresponding to ferrous phosphate (PDF 3-70) and 6

peaks of the ferric phosphate (PDF 15-390) could be

identified. No peaks corresponding to zinc or nickel

phosphates could be found. Organic ligands, if present,

could only be amorphous or in amounts less than 1%.
The phosphates obtained here are interesting byproducts

from the point of view of their synthesis, since metal

phosphates are usually obtained by precipitation, melt-

ing or sol-gel methods (Scaccia et al., 2003) and as

demonstrated for cobalt phosphate (Dinamani and Ka-

math, 2001) the product obtained via electrochemical

reduction differed from the phase obtained by precipi-

tation.

The formation of the sludge, which amounted 0.9%

of the electrode weight, can be explained as follows. The

corrosion potential with respect to time in the solution

was monitored for each system in order to study the

relative surface reactivity. A decrease from )800 to

)1000 mV was observed during the first five minutes and

then stabilized indicating iron corrosion leading to iron

dissolution under open-circuit conditions. In this case a

Fe2O3 oxide film can be expected. Since during elec-

trolysis hydrogen was produced, ferric iron reduced to

ferrous iron and we can presume that they reacted with

the phosphate ions of the buffer solution and precipi-

tated as ferrous (92%) and ferric (8%) phosphates as

described above. The Al99 and the Cu74 electrodes did

not produce precipitate. Their corrosion potentials

shifted relatively quickly to a more noble values of )534
and )100 mV, respectively and remained steady at that

value for the duration of the experiment indicating sta-

ble Al2O3 and CuO film formation.

Electrolysis was carried out also at pH 5.5 without

phosphate buffer and as it was expected we did not

observe sludge formation during electroreduction of

the dye CWBW on the Fe52 electrode. In presence of

phosphates at pH 5.5 the reaction occurred faster as

discussed above and did not produce precipitate. This

has the advantage of minimizing the amount of total

dispersed solids, which is one of the specific objectives

established, by textile mills. Since in our case solubility

of the hydroxides formed on the electrode surface par-
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tially controls the solubility of the electrode metal in a

given medium and hence the precipitate formation, we

calculated the concentrations of the total hydroxide

species present in the studied systems as a function of

pH by using solubility product values and compared the

domains of the curves (not shown here) with the solu-

bility of the metal phosphates. The relative position of

the ferric hydroxide and ferric phosphate curves could

not explain both the dissolution of the precipitate at pH

5.5 and the precipitation of the sludge at pH 7.
4. Conclusions

The results obtained confirm the applicability of non-

conventional electrodes and of HPLC to follow color

removal and formation of products. Kinetics of the

degradation of SLY dye on a diamond electrode dem-

onstrated the benefit of a dynamic regime with flow. The

study of the effect of the applied potential indicated that

a potential of )2.0 V is effective under these conditions

for the removal of the dye CBWB. The efficiency of the

studied electrodes for removal of the dye CBWB in

terms of COD obeyed the series: Al99<Cu74�Fe52.

Degradation of the dye CBWB occurred four times

faster at pH 5.5 than at pH 7, where additionally a

ferric-ferrous phosphate sludge was obtained.
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