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The removal of azo dye Acid Orange 7 (AO7) from water was investigated by the electro-Fenton tech-
nology using electrogenerated hydroxyl radicals (*OH) which leads to the oxidative degradation of AO7
up to its complete mineralization. HO, and Fe (II) ions are electrogenerated in a catalytic way at the
carbon-felt cathode. AO7 decay kinetics and evolution of its oxidation intermediates were monitored by
high-performance liquid chromatography. The absolute rate constant of AO7 hydroxylation reaction has
been determined as (1.20+0.17) x 10! M~ s~1. The optimal current value for the degradation of AO7
was found as 300 mA. AO7 degradation rate was found to decrease by increase in Fe3* concentration
beyond 0.1 mM. Mineralization of AO7 aqueous solutions was followed by total organic carbon (TOC)
measurements and found to be 92%. Based on TOC evolution and identification of aromatic intermedi-
ates, short-chain carboxylic acids and inorganic ions released during treatment, a plausible mineralization
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1. Introduction

Synthetic dyes are extensively used in textile, leather, paper,
pharmaceutical and food industries. They thus constitute the major
components of wastewaters released from these industries. The
dyes are generally designed to resist biodegradation, so they cause
severe ecological and environmental problems [1]. This environ-
mental problem is highlighted by estimation of a charge up to
50,000 tons of dye wastes discharged annually from dyeing installa-
tions worldwide [2]. In addition, some dyes or their metabolites are
either toxic or mutagenic and carcinogenic [3-4]. Thus, the treat-
ment of the effluents containing such compounds is important for
the protection of natural waters and environment.

Common physico-chemical treatment methods for the
decolourization of dye wastewaters such as activated carbon
adsorption and extraction are able to separate these pollutants
to form a concentrated waste to be treated subsequently, and
so they are inefficient to eliminate the pollutants. Ozone and
hypochlorite oxidations are efficient decolourizing methods, but
they are not desirable because of the high cost of equipment,
operating costs and the secondary pollution arising from the
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residual chlorine [5] or because of remained oxidation reaction
intermediates. Other conventional processes based on biological
treatment (aerobic-anaerobic) are relatively ineffective in effluent
decolourization, because high molecular weight compounds are
not easily degraded by bacteria, and thus coloured compounds
pass through the treatment system largely undegraded [6].

Recent progress in the removal of dyes from water has led to
the development of advanced oxidation processes (AOPs). These
processes involve chemical, photochemical or electrochemical
techniques to bring about chemical degradation of organic pollu-
tants. The principal active species in such systems is the hydroxyl
radical (*OH), a highly oxidizing agent of organic contaminants
[7-10]. These radicals react with organic pollutants and thus lead to
their degradation by three modes of action: hydrogen atom abstrac-
tion, electrophilic addition to 1 systems or electron transfer (redox)
reactions.

The most commonly used AOPs for the removal of persistent
organic pollutants from water are those based on the Fenton’s
reaction. Among the different Fenton-like technologies currently
available, indirect electrochemical treatment has appeared to be
quite efficient in eliminating organic pollutants from aqueous
media [11-15]. This technology uses the Fenton’s reaction as the
source of hydroxyl radicals, in which the Fenton reagent, a mixture
of H,0, and Fe (1), is produced electrochemically and regenerated
throughout the process [16-18]. Because hydroxyl radicals produc-
tion does not involve the use of harmful chemical reagents which
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Fig. 1. The molecular structure of Acid Orange 7.

can be hazardous for the environment, this process is environmen-
tally friendly for wastewater treatment and seems to be promising
for the purification of water polluted by persistent and/or toxic
organic pollutants [19-22].

The azo dye AO7, also called Orange II (Fig. 1) is a widely used
synthetic dye. It does not decompose biologically, and resists to
light irradiation and chemical oxidation. It is generally used as a
model substrate for the aromatic azo dyes. Therefore, its degrada-
tion has been studied by several research groups; Bandara et al.
[23] used photo-Fenton reactions in the presence of natural sun-
light, Kiwi et al. [24] reported a catalytic photo-assisted system,
Fe3*/nafion/glass fibers, Daneshvar et al. [25] employed electroco-
agulation, Ray et al. [26] performed photocatalytic oxidation in the
presence of TiO,, Ramirez et al. [27] investigated optimum condi-
tions for Fenton’s oxidation and Inoue et al. [28] used ultrasound
waves. In addition, Daneshvar et al. [29] were studied the electro-
chemical degradation of Orange II in potentiostatic conditions and
obtained a mineralization ratio of 75%.

In this study, we report a detailed discussion on the oxidative
degradation of AO7 in acidic aqueous solution containing catalytic
amount of Fe3* by using an indirect electrochemical method, the
electro-Fenton process. The experiments were carried out under
constant current electrolysis conditions in an undivided electro-
chemical cell by using a carbon-felt cathode and a Pt anode. The
process involves electrochemically assisted Fenton’s reaction (reac-
tion (1)) in which H,0, and FeZ* jons are electrogenerated in a
catalytic way [30-33]:

Fe?" + H,0, — Fe3t + OH™ +°*OH (1)

The kinetics of AO7 degradation by *OH during electro-Fenton
process has been examined. The absolute rate constant of the
reaction between AO7 and *OH was determined by the compe-
tition kinetic method [34-35] using benzoic acid as a reference
competitor. The effect of the applied current and catalyst concen-
tration on the degradation of AO7 was studied. The main oxidative
degradation reaction intermediates were identified by using sev-
eral chromatographic techniques. Finally a mineralization reaction
pathway for the degradation of AO7 by electrochemically gen-
erated *OH was proposed from the basis of identified aromatic
oxidation intermediates, aliphatic short-chain carboxylic acids as
end-products before mineralization and inorganic ions released to
the solution.

2. Materials and methods
2.1. Materials

AO7 (Tropaeolin 000 no. 2; Orange II, Fig. 1) was obtained
from Fluka. Iron (III) sulphate pentahydrate (97%, Across), iron
(IIl) chloride (98%, Labosi), sodium sulphate (anhydrous, 99%,
Across), benzoic acid, sulphuric acid, salicylic acid (ACS reagent
grade, Across) sodium carbonate (ACS reagent grade, Riedel-de
Haén), sodium bicarbonate (99.7%, Fluka), acetic acid (glacial p.a.,
Across) and potassium hydrogen phthalate (Nacalai tesque Inc.)
were obtained as reagent grade and used without further purifica-

tion. All solutions were prepared by using pre-distilled 18 wScm~!
deionized water (Sartorius).

2.2. Electrochemical cell and equipment

Experiments were performed at room temperature in a 0.25-
L undivided cylindrical glass cell of diameter of 6cm equipped
with two electrodes. The working electrode was a 60 cm? piece
of carbon-felt (17 cm x 3.5 cm). It is placed on the inner wall of
the cell covering the totality of the internal perimeter. The counter
electrode was cylindrical Pt gauze placed on the centre of the cell.
Prior to the electrolysis, compressed air was bubbled through the
aqueous solutions, which were agitated continuously by a magnetic
stirrer at 500 rpm. A catalytic quantity of ferrous ion was intro-
duced into the solution before the beginning of electrolysis. The
applied current was 60, 100 and 300 mA for degradation Kkinetic,
by-products identification and mineralization experiments, respec-
tively. The current and the amount of charge passed through the
solution were measured and displayed continuously throughout
electrolysis by using a DC power supply. The initial pH of solutions
was set to 3 by addition of aqueous H,SO4 (1 M) and HCI (1 M). The
pH values were measured by a pH glass electrode calibrated with
standard buffers at pH values of 4 and 7. It remains between 3.0 and
2.8 during electrolyses; H" consumed by cathodic reactions being
compensated by water oxidation at the anode. The ionic strength
was maintained constant (50 mM) by addition of Na;SO4.

2.3. High-performance liquid chromatography (HPLC)

The degradation of AO7 was monitored by high-performance
liquid chromatography (HPLC) using a Merck Lachrom system
equipped with an L-7455 diode array detector and fitted with
a reverse phase Purospher RP-18, 5-pm, 4.6 mm x 250 mm col-
umn from Merck. The column was placed in an oven (Merck
L-7350) which was thermostated at 40 °C. Injection volumes were
20 L. The column was eluted at isocratic mode with a mixture
of water-methanol-acetic acid 19:79:2 (v/v) with a flow rate of
1.1 mLmin~'. Detection was performed at 486 nm. Short-chain car-
boxylic acids were identified and quantified using the above HPLC
system by a Supelcogel H column (¢ =7.8 mm x 300 mm) with a
mobile phase of 4mM H;SO4. The detection was performed at
210 nm. Calibration curves were obtained by using the pure stan-
dards of the related carboxylic acids.

2.4. Gas chromatography-mass spectrometry (GC-MS)

In order to identify the AO7 aromatic degradation prod-
ucts, GC-MS analyses were performed. After electrolysis, the
aqueous solutions were filtered and extracted three times with
dichloromethane and ethylacetate. After that, these solutions were
concentrated by evaporation of the solvent to a volume of about
2mL. The final solution was analysed in a GC-MS instrument
(Finnigan PolarisQ), equipped with a 30 m SE54 fused silica cap-
illary column. A gradient temperature program at 10°Cmin~! was
applied between 40 and 280°C.

2.5. Ion chromatography (IC)

The concentration of ammonium, nitrate and sulphate ions
released during electrolysis was measured by ion chromatogra-
phy (Dionex ICS-1000 equipped with a conductivity detector). A
cationic exchanger column (IonPac® CS12A-Dionex) was used for
ammonium ion and an anionic exchanger column (lonPac® AS14-
Dionex) was used for nitrate and sulphate ions. The volume of
injections was 10 pL. The mobile phase was 11.0 mM sulphuric acid
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with a flow rate of 1.0mLmin~! for the cationic column and a
mixture of 1.8 mM sodium carbonate and 1.7 mM sodium hydro-
gen carbonate solution with a flow rate of 2.0mLmin~! for the
anionic column. Calibration curves were obtained by using the pure
standards of the related ions.

2.6. Total organic carbon (TOC) analysis

The TOC of the initial and treated samples was determined by a
Shimadzu 5000 TOC-V¢sy analyser.

Samples of 50 wL were acidified with H,SO4 before injection
in order to obtain pH 2 and avoid mineral carbon (carbonate or
bicarbonate ions) in solution. TOC measurements were based on
the combustion of organics and detection of CO, formed by infrared
gas analysis method. Calibration of the analyser was achieved with
potassium hydrogen phthalate standards.

3. Results and discussion
3.1. Indirect electrochemical hydroxyl radicals production

Hydroxyl radicals were in situ generated via Fenton’s reaction
Eq. (1) assisted by electrochemistry. In optimal process conditions
(pH 3) the predominant species of iron (III) is Fe(OH)%*. Conse-
quently, the Fenton'’s reaction can be read as follows:

H,0, + Fe?* - Fe(OH)** +*OH (2)

This reaction can be propagated in a catalytic way from FeZ*
regeneration, which mainly takes place by reduction of Fe3* species
at the cathode surface, thus avoiding the production of iron sludge
[9,36]:

Fe(OH)** + e~ — Fe?" +OH~ (3)

On the other hand H,0, is continuously produced in solution
from the two-electron reduction of dissolved O, [13,17]:

02(g) +2H" +2e” — H,0, (4)

The anodic reaction consists of the oxidation of water at Pt elec-
trode, thus supplying oxygen to Eq. (4):

2H,0 — Oy +4H" +4e~ (5)

The sum of the above cathodic and anodic equations gives the
following overall equation [11]:

1/2(03) + H,0 — 2°OH (6)

This last reaction shows well the catalytic character of the
electro-Fenton process in which two moles of hydroxyl radical
were generated in a catalytic way without intervention of chemical
reagents.

3.2. The effect of the applied current on the degradation kinetics

Oxidation of AO7 in acidic aqueous medium with elec-
trochemically generated hydroxyl radicals was performed at
current-controlled conditions at room temperature. The disappear-
ance of AO7 was followed by HPLC analysis during electrolysis.
In the electro-Fenton process the applied current is an important
parameter for the operational cost and process efficiency. The effect
of applied current on the decay kinetics of AO7 was investigated by
conducting constant current electrolysis at different current values,
i.e., 30, 60, 100, 300, and 500 mA. It can be seen from Fig. 2 that the
concentration of AO7 decreases exponentially for all current values.
The increasing of the applied current enhances rate of the H,0,

0.1
Kopp: 0.2234 min” (R7: 0.9921) ——¢—
0.075 Kypp: 04489 min" (R*: 0.9901) —8—
= Kypp: 0.6231 min' (R*: 0.9976) —h—
£ Kopp: 14814 min' (R*: 09992y —X—
= siue Kypp: 15814 min" (R*: 0.9904) - - % - -
= 0
(o]
<
0.025 -
0
0 3 6 9 12 15 18
Time / min

Fig. 2. Degradation kinetics of AO7 in acidic media at several current values by
electro-Fenton process—I: 30 mA (¢); 60 mA (H); 100mA (a); 300mA (x); 500 mA
(X). Co: 010 mM; [Fe3*]: 0.2 mM; [NapS04]: 50 mM; V: 0.200L; pH: 3.

electrogeneration (Eq. (3)) and consequently those of *OH produc-
tion Eq. (2). The oxidation of water on the anode surface may form
hydroxyl radicals Eq. (7). These radicals lead to anodic oxidation of
organics. Therefore, to evaluate the influence of anodic oxidation
on the degradation of AO7, experiments were performed in the Fe3*
free solution at 300 mA (Fig. 3). A graphite bar was used as cathode
instead of carbon felt to prevent the formation of hydrogen perox-
ide during the electrolysis. As can be seen from Fig. 3, only 4.1% of
0.1 mM AO7 degraded in 3 min treatment by the anodic oxidation
process. On the other hand, the complete degradation of 0.1 mM
AO7 was achieved in 3 min at the same conditions in the case of
electro-Fenton process. This situation can be explained in the fol-
lowing way, the formed hydroxyl radicals are tightly adsorbed to
the Pt anode surface; therefore, their oxidation abilities are very
limited. This situation was reported in the literature many times
[12,20]. Because of these reasons, we did not take into account the
contribution of anodic oxidation in the rest of the study.

H,O0 — Pt(*OH) + H* + e~ (7)

The exponential decrease of AO7 concentration during the
electro-Fenton treatment indicates a pseudo first order reaction
kinetics for oxidation of AO7 by *OH. Considering the steady state
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Fig. 3. Degradation kinetics of 0.1 mM AO7 in acidic media by the anodic oxidation
with Pt anode (¢) and electro-Fenton* (W) process. I: 300 mA; [Na;SO4]: 50 mM; V:
0.200L; pH: 3. [Fe3*]: 0.2 mM.
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approximation for *OH, the AO7 oxidation rate expression can be
written:

_d[A07]
dr

Apparent rate constants for the degradation of AO7 were deter-
mined by plotting the Ln([AO7]/[AO7]) against time at different
current values (inset of Fig. 2). The values 0f 0.22, 0.45,0.62, 1.48 and
1.58 min—! were obtained for 30, 60, 100, 300, and 500 mA, respec-
tively. When the applied current value was increased from 30 to
60 mA, the apparent rate constant value increased twofold. There
was a gradual rise in the apparent rate constant values between 60
and 300 mA. However, the apparent rate constant did not increase
linearly with the current. After approximately 300 mA, the apparent
rate constant reached a steady state and remained almost constant.
These results shows that the rate of H,O, electrogeneration is lim-
ited by mass transfer for I>300 mA. Fig. 2 shows that at =300 mA,
the total disappearance of AO7 in a solution of 0.10 mM require
only 3 min. Consequently, the value of 300 mA was selected for the
mineralization experiments.

The absolute rate constant k,,s for AO7 hydroxylation reac-
tion can be determined then using the competition Kkinetic
method [34-35]. Benzoic acid was selected as standard competi-
tor because the k,ps of its hydroxylation reaction is well known
(kga=4.3 x 109 M~1s~1). AO7 and BA were introduced in the solu-
tion at same initial concentration.

—d[BA]
de

The ratio of integrated form of Eqgs. (8) and (9) allows determin-
ing the kap7 according to the following equation:

[AO7]o [BA]p

kA07 = kBA{Ln([AO7]t> /Ln([BA]t>} (10)

The absolute rate constant kpo7 of the reaction between AO7
and *OH was calculated from Eq.(10)as(1.20 £ 0.17) x 1010 M~1s-1,
Lopez and Kiwi [37] reported the value of 6.0 x 10° M1 s~ for AO7
hydroxylation reaction by using a membrane based reactor sys-
tem. The greater rate constant value determined in this study is in
agreement with the quick AO7 destruction rate observed in Fig. 2.

= kao7 [*OH] [AO7] = kapp (a07)[AO7] (8)

= kga ["OH] [BA] = kapp (sa)[BA] (9)

3.3. Effect of Fe3* (catalyst) concentration on the AO7 oxidation
and mineralization efficiency

The initial oxidation kinetic of AO7 by *OH generated during
electro-Fenton process and the mineralization efficiency of AO7
containing aqueous solutions were investigated by using 0.1 mM
AO07 in the presence of different Fe3* concentrations in acidic media
of pH 3. The applied current values for the degradation and miner-
alization experiments were 60 and 300 mA, respectively. The effect
of the Fe3* concentration on the degradation of AO7 was shown
in Fig. 4. As can be seen from this figure that the degradation rate
increases with increasing Fe3* concentration from 0.05 to 0.10 mM.
After this value, the degradation rate decreases by increasing Fe3*
concentration.

Fig. 5 shows the influence of catalyst (Fe3*) concentration on the
mineralization of AO7 aqueous solutions in term of TOC removal.
The TOC removal was almost 60% in the first hour of electrolysis
in the presence of 0.1 mM Fe3*. In the case of 0.2, 0.5, and 1.0 mM
Fe3*, TOC removal values were 48, 36, and 26%, respectively. TOC
removal values were reached 92 and 56% after 8 h electro-Fenton
treatment for the 0.1 and 1.0 mM Fe3* concentrations, respectively.

The negative influence of the higher catalyst concentration on
degradation kinetics and mineralization can be explained by the
increase of the rate of parasitic reactions Eqs. (11)-(13) occurred

0.1

0.075 A

0.05 1

[AO7]/ mM

0.025 A

Time / min

Fig. 4. Degradation kinetics of AO7 in acidic media at several catalyst concentration
by electro-Fenton process—[Fe3*]: 0.05 mM (M); 0.10 mM (4); 0.20 mM (4); 0.50 mM
(@); 1.00mM (x); 2.00 mM (X). Cp: 0.1 mM; [NazS04]: 50 mM; I: 60 mA; V: 0.200L;
pH: 3.

during the process between hydroxyl radicals and iron species:

Fe?* +°0OH — Fe3* +OH; k= 2.3x108Ms! (11)
Fe3* + H,0, < Fe-OOH2+ 4+ H* (12)
Fe-OOH?* — HO,* + Fe?* (13)

When the Fe3* concentration increased in the medium, the per-
centage of the scavenged hydroxyl radicals increased following the
waste reaction (11) [38]. Moreover, Fe3* ion could react with H,0,
to form hydroperoxyl radicals Eqs. (12) and (13) [39] which is sig-
nificantly less oxidizing agent than *OH.

3.4. Analysis of aromatic degradation products of AO7

In order to identify the aromatic oxidation products of AO7, an
aqueous solution of 1.0 mM was electrolysed 100 mA by using at
the conditions of the degradation experiments. Identification of
formed aromatic oxidation reaction intermediates were performed
by using HPLC and GC-MS analyses. The HPLC identification was

TOG / (mg C /L)
[(s]

X-______
X
6 4
34
0 : ' : :
0 3 6 9
Time / hour

Fig. 5. TOC values during the mineralization of AO7 in acidic media at several cat-
alyst concentration by electro-Fenton process—[Fe3*]: 0.10mM (4); 0.20mM (m);
0.50mM (a); 1.00mM (x). Co: 0.1 mM; [Na;SO4]: 50mM; I: 300 mA; V: 0.225L;
pH: 3.
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carried out by comparison of the retention time and using the stan-
dard addition method. On the other hand, the GC-MS identification
of products was performed by comparing the obtained spectrums
with the spectrums of standard compounds obtained in the same
way. The identified aromatic intermediates obtained at our experi-
mental conditions were shown in Table 1. Compounds L, II, 111, IV, VI,
and VIII were identified by HPLC analysis. Compounds IX, X, XI and
XII were determined by GC-MS analysis, whereas compounds V
and VIl were identified by both HPLC and GC-MS analyses. Some of
the determined intermediates such as VI[23,40-41] and VII [23,41],
II, IX and XI [29] has been already reported by using different AOPs
ranging from ozonation to biodegradation or electrooxidation.

3.5. Identification and evolution of short-chain carboxylic acids

Electro-Fenton treated solutions were analysed in order to iden-
tify and quantify the short-chain carboxylic acids formed by the
oxidative ring opening reactions of polyhydroxylated or quinones
derivatives. Oxalic, maleic, glyoxylic, malonic, formic and acetic
acid were detected at 8.70, 9.87, 11.92, 13.13, 16.05 and 17.61 min
of retention time, respectively, under our analysis conditions.
Fig. 6a shows their evolution as function of electrolysis time dur-
ing electro-Fenton treatment of a 0.1 mM AO7 aqueous solution of
pH 3. These acids are generated as soon as the electrolysis started
with a large formation rate for oxalic, glyoxylic, malonic, acetic, and
formic acids. The curves corresponding to evolution of glyoxylic
and acetic acids (Fig. 6a) show their disappearance to the profit of
formic and oxalic acids which are usually final by-products before
complete mineralization during treatments by advanced oxidation
techniques [12,13,42,43]. Vel Leitner and Doré [44] showed that the
oxalic acid was the main by-product of the oxidation of glyoxylic
acid. On the other hand, the oxidation of acetic acid to oxalic acid
was also reported [45]. Concerning the maleic acid, it is present
throughout electrolysis but in a very low concentration.

3.6. Identification and evolution of inorganic ions

The ion chromatography analysis allowed qualitative and
quantitative monitoring of inorganic ions resulting from the
electro-Fenton treatment of 0.10 mM AO7 aqueous solution. Evolu-
tion of released NO3~, SO42~ and NH,4* ions concentration during
electrolysis is presented in Fig. 6b. The concentration of SO42~ ions
formed from AO7 mineralization reached the value of 0.0515 mM in
the first hour of electrolysis. This indicates that the most of (-SO3~)
group present in AO7 structure was oxidized at the early stage of
the treatment. SO42~ concentration reached 0.094 mM at the end of
the electrolysis. The cleavage of the -N=N- bond of AO7 led to the

(a) 0.15

0.0008

[Acid] / mM

9
Time / hour
(by 02
=
E
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Fig. 6. Time-course of carboxylic acids (a) and inorganic ions (b) concentration dur-
ing electro-Fenton treatment of an aqueous solution of AO7 in HCl medium. Cy:
0.10 mM; [Fe3*]: 0.1 mM; I: 100mA; V: 0.225L; pH: 3. (a) Oxalic acid (4), glyoxylic
acid (m), malonic acid (a), formic acid (x) and acetic acid (X). Inset: maleic acid (4).
(b) Nitrate (X ); sulphate (4); ammonium (a).

formation of the intermediates containing (-NO, ) [46] and (-NH>)
[23] substituents. These groups were oxidized to nitrate and ammo-
nium ions, respectively, during the mineralization of corresponding
intermediates by of hydroxyl radicals. The results showed that the
nitrogen initially presented in AO7 was converted predominantly

Table 1
HPLC retention time (tg) and GC/M spectra of aromatic by-products formed during the electro-Fenton treatment of AO7
No Compound name HPLC GC/MS
tr/min tr/min Mass fragmentation
I 4-Aminophenol 3.40 -
Il 4-Aminobenzenesulphonic acid 3.75 -
11 1,2,4-Benzentriol 5.40 -
I\% Hydroquinone 8.0 -
\% 1,4-Benzoquinone 14.75 5.59 108 (M*), 82, 54
VI 4-Hydroxybenzenesulphonic acid 20.06 -
Vil 1,2-Naphthaquinone 24.75 15.40 158 (M*), 130, 102, 76
VIII Salycilic acid 29.20 -
IX 2-Formyl-benzoic acid - 14.00 149 (M*), 122, 105, 77, 51
X 2-Hydroxy-1,4-naphthalenedione - 14.57 174 (M"), 146, 118, 105, 77
XI 1,2-Naphthalenediol - 15.94 160 (M*), 131, 114, 103, 77
XII 2,3-Dihydroxy-1,4-naphthalenedione - 16.84 190 (M*), 162, 131, 105, 88, 77

Experimental conditions: Cp = 1.0 mM; [Fe3*]=0.1 mM; [Na;SO4] =50 mM; pH 3; I=100 mA.
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Fig. 7. General reaction sequence proposed for the mineralization of AO7 in aqueous acid medium by hydroxyl radicals following electro-Fenton process.
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to NH4* ions. After 8 h of electrolysis, the sum of NO3~ and NH4*
ions concentrations was reached almost 98% of initial nitrogen of
AO7 indicating its overall mineralization.

3.7. Degradation pathway of AO7 mineralization

Data obtained on the oxidation kinetic of AO7, identification
and evolution of its aromatic reaction intermediates, aliphatic
short-chain carboxylic acids and released inorganic ions as well
as evolution of TOC abatement during electro-Fenton treatment
allow us to propose a schematic degradation pathway of AO7 by
electrochemically generated hydroxyl radicals (Fig. 7). The oxida-
tive degradation of AO7 starts with the breaking of the azo bond,
the most active group in the structure [23], to form compound II
and XI. The oxidation of AO7 leading until mineralization occurs
then in three stages. In the first one, the oxidative cleavage of AO7
leads to the formation of Il and XI. The second stage includes the
hydroxylation of these intermediates to hydroxylated (I and VI)
or polyhydroxylated (IIl and IV) derivatives which are oxidized in
their turn to the quinoid (V, VII, VIII, IX and XII) structures. For-
mation of X and XII is supposed from 1,2,4-trihydroxynaphtalene
which is not detected in our experimental conditions. Polyhy-
droxylated and quinoid structures are unstable and leads to the
formation of short-chain carboxylic acids by oxidative ring open-
ing reactions. Oxidation of the formed carboxylic acids to CO,,
the final oxidation stage of organics, constitutes the last stage of
mineralization.

4. Conclusions

Electrochemically generated Fenton’s reagent was used to pro-
duce *OH to eliminate the azo dye AO7 from aqueous medium. We
showed that the degradation kinetics and mineralization efficiency
were increased by increasing the applied current and decreasing
the concentration of Fe3* ions as catalyst. At the optimal experimen-
tal conditions (=300 mA, [Fe3*]=0.1 mM and pH 3), the complete
disappearance of AO7 in aqueous medium required only 3 min. The
absolute rate constant of the reaction between AO7 and *OH was
determined as kag7 =(1.2 £ 0.17)x 101 M~ s~1, Complete destruc-
tion of AO7 and its aromatic by-products was achieved in less than
1 h. The quasi complete mineralization of a 0.10 mM AO7 aqueous
solution was achieved in 8 h.

Oxidative degradation of AO7 during electro-Fenton treat-
ment leads to the formation of aromatic reaction intermediates.
Several aromatic intermediates such as 1,2-naphthaquinone,
1,2-naphthalenediol, 4-aminobenzenesulphonic acid, 4-amino-
phenol, 4-hydroxybenzenesulphonic acid, 2-formyl-benzoic
acid, 2-hydroxy-1,4-naphthalenedione, 2,3-dihydroxy-1,4-
naphthalenedione, salicylic acid, 1,4-benzoquinone, hydroquinone
and 1,2,4-benzentriol as well as the some short-chain carboxylic
acids (maleic, acetic, malonic, glyoxylic, formic and oxalic) and
inorganicions (S042~,NO3~ and NH4*) were identified using HPLC,
IC and GC-MS analyses. This information permitted to propose a
plausible mineralization reaction pathway of AO7.

Electro Fenton process seems to be an economically and
environmentally friendly process to remove the toxicity of the per-
sistent organic pollutants from water. The main oxidizing species,
*OH, being a non-selective oxidizing reagent, the process can be
generalized to other organic pollutants.
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