Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Chemical Engineering Journal 119 (2006) 127-133

A comparative study of platinised titanium and niobe/synthetic diamond
as anodes in the electrochemical treatment of textile wastewater

Anastasios Sakalis?, Konstantinos Fytianos®*, Ulrich Nickel ¢, Anastasios Voulgaropoulos?

& Laboratory of Analytical Chemistry, Chemistry Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
b Laboratory of Environmental Pollution Control, Chemistry Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
¢ Institute of Physical Chemistry, University of Erlangen-Nuremberg, Egerlandstrasse 3, D-91058 Erlangen, Germany

Received 17 October 2005; received in revised form 20 February 2006; accepted 24 February 2006

Abstract

An electrochemical method for wastewater treatment in the textile industry based on an electrolysis process is discussed in this paper. In a
laboratory scale electrochemical cell made of Plexiglas, carbon fleece is used as a cathode while two materials such as niobe/synthetic diamond
(Nb/D) and platinised titanium (Pt/Ti) are tested as anodes. Synthetic samples, containing specific amounts of four reactive azodyes and electrolytes
diluted in tap water, are treated using Pt/Ti. Parameters affecting the procedure such as the nature and the quantity of the electrolyte, the pH and
the applied potential are researched and discussed. Temperature, current and pH are measured on line. Samples are taken at appropriate intervals
during the process and UV-vis spectra are received. Real wastewater samples are treated with no further addition of electrolytes. Biochemical
oxygen demand (BODs), chemical oxygen demand (COD), total organic carbon (TOC), energy consumption and efficiency of the anodes, as well
as the chloride (C1™) and hypochlorite (C1O™) concentrations, are measured using both Pt/Ti and Nb/D as anodes, comparing their efficiencies.
Color removal up to 90% is achieved resulting in practically colorless final wastewater, while BODs, COD and TOC are decreased up to 49.6%,

93.3% and 52.4%, respectively, using Nb/D.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There is a great amount of wastewater in the textile industries
as aresult of the dyeing and finishing processes and this water is
very difficult to treat. It is strongly colored and has high values of
pH, temperature and COD, while it shows low biodegradability
[1,2]. Moreover, itis claimed that textile dyestuffs not only act as
allergens, but also exhibit toxic, even mutagenic or carcinogenic
properties [3—-6]. The removal of dyes is therefore a challenge
to the textile industry and of great importance for the protection
of the environment.

Textile industry wastewater is usually treated by conventional
methods such as adsorption in polyelectrolytes [7], chemical
oxidation or reduction [8] and biological degradation [9—13].
Adsorption does not solve the pollution problem, but shifts

Abbreviations: BODs, biologically oxygen demand (measured after 5 days);
COD, chemically oxygen demand; TOC, total organic carbon; Pt/Ti, platinated
titanium; Nb/D, niobe/diamond
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it into solid waste disposal, while chemical treatment pro-
duces final wastewater contaminated with significant quanti-
ties of chemical reagents. Biological treatment, which is the
main procedure used, causes sludge formation and addition-
ally it is not able to degrade the pollutants completely, since
it is known that huge organic molecules with many phenyl
rings are hard to biodegrade, mainly due to stereo chemi-
cal interferences. Recently, novel methods of textile wastew-
ater treatment have been developed [14]. Ozonation is quite
effective in decolorizing textile wastewater, but the cost of
the procedure is high and additional problems arise such as
increased pollution of wastewater caused by ozone and high
final pH values [15-17]. Combined processes such as photo-
chemical treatment [19] and ozone/chemical treatment, resulted
in better efficiency and quicker decoloration, however, the
cost of such approaches is still high and is not equally effec-
tive to all of the azodyes [18,20]. Furthermore, the addition
of chemical reagents and the production of several radicals
cause insignificant reduction of TOC and COD values pro-
ducing colorless though slightly degraded final wastewater
[1,18,19].
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Nomenclature

Abs absorption units (AU)

C concentration (g/L)

EC electrical conductivity (nS/cm)
1 current (A)

L length (m)

t time (min)

T temperature (°C)

v volume (m?3)

\% potential (V)

Greek symbols

A wavelength (nm)

Amax maximum wavelength (nm)

Very promising are the electrochemical processes for the
treatment of textile wastewater. The dyes are destroyed by direct
anodic and cathodic processes on the electrode surfaces together
with indirect anodic oxidation and cathodic reduction. These
processes are realized by oxidants such as hydroxyl radicals,
ozone and hypochlorite anions on the onehand as by sev-
eral reductants like thiosulfate anions (S20327) in cases where
H,SO0y is used as electrolyte on the other hand. Electrochemi-
cal methods have been successfully applied in the treatment of
industrial wastewater, however, large quantities of electrolytes
are added in order to obtain satisfactory results [21-27]. In previ-
ous research undertaken by our group, preliminary experiments
showed that azodye wastewater could successfully be treated
with no further addition of electrolytes, even in a pilot plant
scale electrolytic cell [33]. Furthermore, the use of separation
techniques such as liquid chromatography (LC) coupled with
mass spectrometric detector (MS), gave some initial evidence
concerning the intermediate and final degradation products [32].

In the present paper, more extensive experiments are per-
formed in order to evaluate the influence of significant parame-
ters such as electrolyte, pH and applied potential using carbon
fleece as cathode and platinised titanium (Pt/Ti) as anode. Syn-
thetic samples of four multi-soulfonated reactive azodyes, used
in the textile industry, are treated [C.I. names: Reactive Orange
91 (M =747),Reactive Red 184 (M = 855.5), Reactive Blue 182
(M, =863.5) and Reactive Black 5 (M, =947)]. Atafurther stage,
under optimal conditions a novel material well known for its high
stability and significant conductivity such as niobe/diamond
(Nb/D) [31] is compared to Pt/Ti in real wastewater and the
most significant environmental parameters are evaluated and
discussed.

2. Materials and methods
2.1. Materials and reagents
Carbon fleece is a Sigatherm PR201-16 model, obtained from

SGL Carbon Group (Germany). The anodes made of platinated
titanium and niobe covered with boron doped diamond surface,

are obtained from Metakem GmbH (Germany). The laboratory
scale electrolytic cell was made from Plexiglas, obtained from
the Institute of Physical Chemistry, University of Erlangen (Ger-
many).

All multi-sulfonated azodyes used are of commercial purity
grade. Reactive Orange 91, Reactive Red 184 and Reactive Blue
182 are obtained from Ciba Co. (Switzerland). Reactive Black
5 is obtained from DyStar Textilfarben GmbH & Co. (Germany
KG). All salts used as electrolytes, as well as reagents used for
measurements according to Standard Methods are of analyti-
cal purity grade obtained from Merck (Darmstadt, Germany).
Tap water is used for all synthetic solutions in electrochemical
treatment, for better simulation with real wastewater. Doubly
distilled water is used for all measurements according to Stan-
dard Methods [36].

2.2. Instrumentation

A laboratory scale electrolytic cell made of Plexiglas with a
capacity of 500 cm? is used. The procedure is based on batch
operation and the aeration of the solution is achieved from the
bottom of the electrolytic cell, resulting in better and quicker
approach of the dye molecules onto the electrode surface. Fur-
thermore, aeration provides adequate quantities of O», which
could be oxidized and produce sufficient quantities of O3 on the
anode surface. The aeration is provided either by central airflow
or by compact air pumps. The arrangement of the electrodes
consists of three cathodes and two anodes accommodated in
alternate order with a distance of 2 cm between them (Fig. 1).

The carbon fleece plate is a specially treated and modified
carbon with dimensions 12.0cm x 7.0cm x 0.3 cm with large
porosity and active surface area, and low density and weight,
because of its loosely woven structure of low density. This type
of electrode shows a great stability, acid, base and redox resis-
tance, is not easily deactivated and is easily cleaned and stored.

Two materials are tested as anodes, platinated titanium with
50 g Pt/m? and modified niobe substrate coated with a thin film
of diamond doped with boron atoms.

Platinum is a material with rather good characteristics, but
it is very expensive to use as anode. Instead, the much cheaper
Pt/Ti can be used, presenting similar effectiveness, stability, easy
cleaning and storage. The anode is constructed by using three
parallel solid cylindrical wires settled on a plastic frame, which
establish a high current density and good mixing of the solution
in the electrochemical cell. The diameter and length of wires are
0.12 and 11.5 cm, respectively.

The Nb/D electrode is the most expensive, but nevertheless
the most promising electrode. Its body is made of niobe covered
by a thin layer of synthetic diamond, doped with boron atoms. It
is a very electroactive and stable material in all redox, acid and
alkaline media. The shape of the electrode is a solid net with
dimensions of 14.9 cm x 6.9 cm x 1.0 cm. The required applied
potential is provided by a homemade power supply, in the range
0-30V, which is connected with an amperometer (0-20 A), indi-
cating the current simultaneously (Fig. 1).

Throughout the experimental work, parameters such as pH,
temperature and current are measured on line. pH is measured
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Fig. 1. The electrolytic cell.

using Hanna Instruments pHmeter, while the current value is
measured by the amperometer accompanying the power supply.
A Jasco V-530 spectrophotometer using cells with 1 cm path
length is used for UV-vis spectra measurements. COD, BODs,
chlorides and hypochlorites are measured according to Standard
Methods [36]. Finally TOC is measured using a Shimanzu TOC-
V CSH, Total Organic Carbon Analyzer.

2.3. Experimental procedure

Synthetic samples containing a certain concentration of a spe-
cific azodye as well as a suitable concentration of electrolyte
are used for the evaluation of the experimental parameters.
All samples are diluted in tap water (Table 1) for better sim-
ulation of the real wastewater. Experiments are performed in
acidic (pH 2), neutral (pH 7) and basic (pH 10) media. Nitric
acid (HNO3) and ammonium hydroxide (NH4OH) were used
for the pH adjustment. Different potential values are applied
ranging from 12 to 18V, depending on the concentration and
the nature of the electrolyte presented in the wastewater. The
applied potential value should combine the quickest possible
rate of decoloration together with the lowest energy consump-
tion and temperature increase. Furthermore, certain quantities

Table 1
Chemical composition and physicochemical parameters of tap water used for
synthetic azodye samples (Urban area of Thessaloniki, Greece)

Chemical composition (mg/L)

Ca? 98.6
Mg?* 14.4
Na* 27.6
K* 2.1
NH4* 0
HCO3™ 342
S04%~ 163
Cl~- 40.0
NO3~ 7.2
Physicochemical parameters

pH 7.50
Conductivity (nS/cm) 750
Total soluble solids (mg/L) 390

of several electrolytes are used, such as sodium fluoride (NaF),
sodium sulfate (NaySQj,), sodium chloride (NaCl), sodium car-
bonate (Na;CO3), sodium acetate (CH3COONa) and phosphate
buffer (NapHPO4/KH;PO4) using platinised titanium (Pt/Ti) as
anode.

Sampling is performed at specific intervals, depending on the
progress of the experimental process that is indicated by the on-
line measured values of pH, temperature and current, as well as
by the decoloration rate.

Environmental parameters such as UV-vis spectra, COD,
BODs, TOC, chlorides and hypochlorites concentration are
measured every 10 min. Finally, the anode efficiency and the
energy consumption is estimated for both anodes during the
treatment. After every treatment, both anodes and cathode are
washed with tap water. Anodes are stored in a clear, dry place,
while cathode is stored in HNO3 aqueous solution.

3. Results and discussion
3.1. Type and quantity of electrolyte

In electrochemical processes, the type and the concentra-
tion of the electrolyte are of crucial importance. Typical tex-
tile wastewater contains significant quantities of NaCl for the
improvement of the dye efficiency, together with lower quanti-
ties of NapCO3 and phosphate buffers for pH adjustment and
small quantities of Na;SQO4 presented mainly in tap water. The
effect of these electrolytes on the electrochemical decoloration
process is presented in Fig. 2. Furthermore, the decoloration
efficiency of non-electroactive electrolytes such as NaF and
CH3COONa diluted in distilled water is tested, in order to clarify
the extent of the direct electrochemical reactions on the elec-
trodes surface in comparison with the indirect reactions, due to
the electrogenerated products from the electrolyte present in the
wastewater.

It is clear that practically no decoloration takes place when
NaF or CH3COONa are used as electrolytes in distilled water.
This means that direct electrochemical processes on the elec-
trode surface in such potential value (12 V) are absent due
to stereo-chemical interferences that prevent the huge dye
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Fig. 2. % dye removal for Reactive Red 184 synthetic samples using equimolar
quantities (10~2 mol/L) of several electrolytes. D.w: distilled water; T.w: tap
water; time of treatment: 50 min; anode: Pt/Ti; applied potential: 12 V; Apax:
550 nm.

molecules from reaching the electrodes surface. On the other
hand, treatment using only tap water results in dye removal
up to 69%. This means that even low concentration of chlo-
rides, sulfates and other anions existing in tap water result in
the indirect decomposition of the dyes giving remarkable final
decoloration in a relatively short period of treatment. Further
addition of chlorides and sulfates leads to improved decol-
oration. This enhancement is mainly caused by the formation
of oxidants such as chlorine, hypo-chlorites and hyper-sulfates
by the oxidation of chloride and sulfate anions on the anode
and, secondly of reductants such as 52032_, by the reduction
of sulfates on the cathode in acid-moderate alkaline pH range
[27-30,34,35]. These primary agents can produce secondary
oxidants and reductants, which continue the redox activity on
organic compounds [27]. The addition of Na,CO3 (pH 11) or
phosphate buffer (pH 8) leads to lowering and equaling degree
of decoloration respectively, because both of the above elec-
trolytes do not produce strong oxidants or reductants, which
could enhance the indirect decoloration. Furthermore, strong
alkaline pH values (Na; CO3) restrain the formation of oxidants
(C10~, $,04%7) and reductants (S;0327) from chloride and
sulfate anions existing in tap water, thus the decoloration effi-
ciency is decreased [28]. Finally, the equimolar addition of the
electrolytes results in ionic strength, ohmic drop, conductivity
and current density changes, which also affect the formation of
the above-mentioned electrogenerated oxidants/reductants. As
a result, the indirect decoloration is restrained using Nay;CO3
because of high pH value, while phosphates affect the indirect
decoloration to a lesser extent because of more neutral pH value
(pH 8).

In Fig. 3 it is clearly shown that increased concentration of a
suitable electrolyte such as NaCl, increases both the final amount
and the rate of decoloration. However, high concentration of
electrolyte rapidly increases the current and consequently the
wastewater temperature, causing damage on the surface of the
electrodes, while in the meantime high quantities of environ-
mentally harmful hypochlorites are produced. Therefore, the
lowest possible quantity of electrolyte should be used for achiev-
ing a satisfactory decoloration process together with minimum
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Fig. 3. % dye removal for Reactive Red 184 synthetic samples according to the
concentration of the electrolyte. Electrolyte: NaCl; time of treatment: 50 min;
applied potential: 12 V; Apax: 550 nm.

production of environmentally unfriendly chemical compounds.
Concentration of NaCl at the level of 0.1 mol/L achieves a higher
decoloration rate than lower concentrations as a result of the
higher rate of hypochlorites production, though the final percent-
age of dye removal reaches about the same level for both 0.1 and
0.01 mol/L NaCl. According to Figs. 1 and 2, the decoloration
of a real wastewater depends on the concentration of chloride
and sulfate anions. Since these anions exist in significant quanti-
ties in textile industry wastewater, adequate decoloration could
easily be achieved with no further additions.

3.2. The effect of applied potential

The amount and the type of the electrolyte is strictly coupled
with the applied voltage. High concentration of electrolyte needs
low voltage, while low concentration requires higher voltage for
the same result. In any case, the lowest possible potential value
able to achieve satisfactory level of decoloration within a rela-
tively short period of treatment should be applied. Higher values
of voltage lead to energy loss, high temperatures and electrode
damage. Concerning the real wastewater treatment, the applied
potential should complete the whole process satisfactorily, with-
out any further addition of electrolyte.

3.3. The effect of pH

The pH directly affects the degradation process. Experiments
inpH 2,7 and 10 using NaCl as electrolyte, are performed for the
four azodyes as seen in Fig. 4. It is clearly shown for all dyes that
in acid-moderate alkaline pH, the degradation process is signif-
icantly faster achieving a higher degree of decoloration than in
high pH values. It must be noted that HNOj3 in the small quan-
tities needed for the pH adjustment cannot significantly affect
the electrochemical results. It is estimated that HNO3 concentra-
tion is around 102 mol/L (pH ~2) while NaCl concentration is
0.2 mol/L, which means around 20 times less concentration. As
already noted, moderate acidic-neutral pH is the optimal range
for the production of some very important oxidants and reduc-
tants such as CIO~, S;0g2~ and S»032~, which enhance the
decoloration process, while in alkaline media (pH > 10), the for-
mation of the above-mentioned important agents is restrained
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Fig. 4. % dye removal during the treatment of the four azodyes. Dye con-
centration: 5 x 10~ mol/L. Electrolytes: NaCl (0.2mol/L); applied poten-
tial: 5V; time of treatment: 20 min; measured wavelengths: Apjack =580 nm,
Aorange =453 nm, Aplye =607 nm, Areg =550 nm.

[27-30]. Thus, the enhancement of the decoloration process by
chemical redox activity is optimal in the pH range between 2
and 9. This wide optimal pH range, renders the method rather
versatile, in contrast to biological, chemical and ozonation meth-
ods, which need a narrow pH range for optimal efficiency
[8-13,15-17].

In Fig. 5, the pH process during the electrochemical treat-
ment of Reactive Orange 91 in different initial pH values is
presented. It can be seen that no matter what the initial pH of
the wastewater is, the process moves slowly to a final pH value
around 8 [27]. This is very important because the treated wastew-
ater is almost neutral causing no problems to the environment.
In such case no further adjustment of the final pH is required
(Table 2).

The transition of the final pH to a value around 8 can be
attributed to the formation of carbonate buffer via CO,. This
means that mineralization takes place to some extent, which is
much higher in acid pH values, since pH adjustment to pH 8
proceeds much more quickly than in alkaline initial pH as seen
in Fig. 5.
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Fig. 5. The pH process, during the electrochemical treatment of synthetic
sample of Reactive Orange 91. Anode: Pt/Ti; applied potential: 5V; elec-
trolyte: 0.2mol/L NaCl; time of treatment: 35 min; measured wavelength:
Amax =453 nm.

Table 2
Initial and final values of the most important environmental parameters of elec-
trochemically treated wastewater under optimal conditions

Environmental parameter Initial Electrochemically
wastewater treated wastewater
PU/Ti Nb/D
pH 9 8 8
% Dye removal (436 nm) - 67.3 81.2
% Dye removal (526 nm) - 82.4 89.1
% Dye removal (620 nm) - 80.3 89.5
Chlorides (mg/L) 224 174 112
Hypochlorites (mg/L) - 0.2 82.4
BODs (mg/L) 149 25 75
COD (mg/L) 150 70 10
COD/BODs 1 2.8 0.13
TOC (mg/L) 164 100 78
Temperature (°C) 25 28 40.5

Time of treatment: 30 min.
3.4. Electrochemical treatment of industrial wastewater

The comparison of Pt/Ti and Nb/D, using real wastewa-
ter, without any further addition of electrolytes is presented in
Fig. 6. Taking into account that the concentration of chlorides
in the wastewater is only 6.3 x 1072 mol/L (224 mg/L), as seen
in Table 1, higher applied potential (18 V) is required in order to
achieve a higher rate of electrogenerated oxidative and reductive
products.

In a 30 min treatment period, the rate of decoloration for the
two anodes is similar (Fig. 6). However, the Nb/D achieves a
higher degree of decoloration (85-90%), resulting in practically
colorless final wastewater. It seems that the outer film of the
anode, made of boron doped synthetic diamond, provides better
electrochemical properties.

The temperature and the current profiles are presented in
Fig. 7. Both temperature and current values are higher in the
case of Nb/D. Higher current means that electrochemical kinet-
ics is probably faster in the case of Nb/D electrode, while higher
temperature can be attributed to the Joule effect.

Concerning the anode efficiency and the energy consump-
tion, Nb/D demonstrates better behavior, requiring lower energy
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Fig. 6. Decoloration efficiency of Nb/D and Pt/Ti, treating real wastewater.
Applied potential: 18 V; time of treatment: 30 min.
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Fig. 7. Current and temperature profiles during the treatment of real wastewater,
using Nb/D and Pt/Ti as anodes. Applied potential: 18 V; time of treatment:
30 min.

consumption than Pt/Ti, together with higher efficiency (Fig. 8).
The efficiency of Pt/Ti anode measured as the removed quan-
tity of COD after 1h of treatment time, under 1 A current and
1 m? electrode surface, presents an optimal value after 20 min of
treatment. In contrast, Nb/D show a very high efficiency during
the first 10 min of treatment following continuous decrease dur-
ing the treatment. The same behavior is presented for the energy
consumption. This means that the “response” of the Nb/D anode,
concerning the formation of oxidizing agents after the treatment
is started, is much quicker than Pt/Ti anode.

Both anodes show great anodic stability and resistance to all
kind of media such as acidic/basic or oxidative/reductive envi-
ronment. After every treatment, both anodes require washing
with tap water only. No permanent deactivation is observed dur-
ing all the series of experiments performed for the present study.

In Table 1, the main environmental parameters for both
anodes, together with the initial values of the untreated wastew-
ater is presented. The Nb/D anode achieves higher color removal
on all three wavelengths.

The concentration of hypochlorite anions increases during the
electrochemical treatment, while the concentration of chloride
anions decreases. This means that a quantity of chlorides is oxi-
dized, producing mainly hypochlorite anions, which speed up
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Fig. 8. Anode efficiency and energy consumption during the treatment of real
wastewater, using Nb/D and Pt/Ti as anodes. Applied potential: 18 V; time of
treatment: 30 min.

the decoloration process. The quantity of hypochlorite anions
is larger for Nb/D, justifying its high efficiency. Furthermore,
the presence of low chloride concentration is adequate for fast
and complete decoloration, thus requiring no further addition of
electrolyte in the wastewater. The final pH is slightly alkaline at
a value of about pH 8 using both Pt/Ti and Nb/D anodes.

Furthermore, there is a significant decrease in BOD5 and
COD for both anodes. However, the ratio COD/BODs, which is
a biodegradability indicator, is reduced only in the case of Nb/D
proving that only Nb/D can provide a more biodegradable and
less toxic final wastewater under the selected conditions.

Finally, TOC, the most important parameter, is also decreased
significantly, although to a lower extent for both anodes indicat-
ing that the degradation proceeds further than azo-bond cleav-
age, but not as far as complete mineralization. The difference
between COD and TOC values can be justified by the fact that
many times K,Cr,07 is not able to oxidize the whole amount of
the organic matter during the determination of COD, thus result-
ing in reduced values. However, in all cases Nb/D exhibits better
decoloration efficiency together with degradation to a higher
extent than Pt/Ti. The fact that the COD/BODjs ratio is decreased
for Nb/D indicates that the electrochemically treated wastewa-
ter could easily be completely mineralized under a subsequent
biological treatment.

From a practical point of view, the most important achieve-
ment of the studied method is the quick and almost complete
decoloration of the textile influent without using chemical addi-
tives, which are necessary for chemical treatment methods. Sec-
ondly, the method can be efficient under a wide range of pH in
contrast to other treatment methods such as ozonation, biological
and chemical methods. Thirdly, all parts of the instrumentation
show great stability under redox, acidic or alkaline conditions,
leading to long life efficiency of the method together with low
fundamental costs. Fourthly, in case that Nb/D is used as an
anode, the final wastewater is more degradable than the initial
one regarding the COD/BODj5 parameter. All the above bene-
fits can be utilized in a pilot scale plant, which will result in a
real scale pretreatment stage, prior to a main stage of biological
treatment in order to estimate the economic feasibility of the
method [31].

4. Conclusions

The newly developed electrochemical method seems to give
rather satisfactory and very promising results.

Chloride and sulfate ions are mainly responsible for the indi-
rect decoloration of the wastewater, while direct decoloration in
the tested potential values (12-18 V) is almost absent.

The optimal pH range is acidic to moderate basic. Further-
more, no matter what the initial pH value is, the pH tends to
reach a final value of pH 8, due to CO; and subsequent carbonate
buffer formation, which indicates that mineralization proceeds
at a remarkable rate.

Both Nb/D and Pt/Ti anodes exhibit great anodic stability and
resistance to redox and acidic/basic environments, showing no
deactivation. However, Nb/D achieves higher decoloration (up
to 90%), together with higher anode efficiency and lower energy
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consumption than Pt/Ti, with no further addition of electrolyte.
The final wastewater is practically decolorized, containing very
low concentrations of chlorides and the most harmful hypochlo-
rites. For both anodes, no sludge formation is observed.

Nb/D achieves better environmental characteristics than Pt/Ti
with 49.6%, 93.3% and 52.4% BODs, COD and TOC removal,
respectively. Itis very important that COD/BODs is significantly
reduced, indicating less toxic and more biodegradable wastew-
ater, which can easily be completely mineralized by subsequent
biological treatment. However, Nb/D a rather expensive mate-
rial.

Extensive research has to be performed, aimed at the develop-
ment of analytical methods for identification and determination
of the final degradation products [24,32]. Such information is
crucial for the monitoring of the treated wastewater and its char-
acterization concerning its direct disposal to the environment or
the subsequent treatment using specific biological method.
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