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ABSTRACT

The electrochemical advanced oxidation method “Electro-Fenton” has been applied to remove 17f-estradiol (1705) es-
tra-1,3,5(10)-triéne-3,17-diol) in aqueous-acetonitrile mixture. This endocrine disrupting is a steroid hormone, releases
from humans, animals and residual pharmaceuticals into the environmental water and usually causes suspected unde-
sirable effects in aquatic organisms. The degradation of this organic compound by Electro-Fenton process was showed
using a carbon felt cathode and platinum anode. The evolution of the concentration during treatment was followed up
by high performance liquid chromatography (HPLC). The influence of operating conditions on the degradation of
17p-estradiol by Electro-Fenton step, such as initial concentration and catalyst concentration, has been investigated and
discussed. We showed that the degradation reaction obeyed apparent first-order reaction kinetics, with absolute rate
constant determined as 5.12 x 10° M 's! by competitive kinetics method taking Benzoic Acid as reference compound.
The results confirm the efficiency of the Electro-Fenton process to degrade organic pollutant in aqueous-acetonitrile
mixture.
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1. Introduction very low concentration. E2 may also enter the aquatic
environment from humans and animals either excreted in
urine as glucuronide or sulfated conjugates or simply eli-
minated in feces in unconjugated forms [13].

In order to decrease risks of E2 toxicity in water and
wastewater, the degradation of this molecule until its
removal were investigated by several authors [1-15]. Ex-
cept that according to literature, no study has shown the
degradation of the 17p-estradiol using Electro-Fenton
process.

This new electrochemical advanced oxidation process
was applied successfully to the total destruction of dif-
ferent organic pollutants, recently, in the framework of
various methods developed for destruction of organic
pollutants in water [16-25].

Endocrine disrupting chemicals (EDCs) are a recognized
group of environmental emerging contaminants which
have been proven to induce estrogenic effects in aquatic
organisms exposed to them. Low removal efficiency in
wastewater treatment plants results in the presence of this
type of contaminants in surface waters and also even in
finished drinking water. Among the promising technol-
ogy for the treatment of wastewater containing pharma-
ceuticals and endocrine disrupting chemicals, during the
last decade, electrochemical advanced oxidation proc-
esses (EAOPs) have been developed. Based on the out-
standing oxidation ability of *OH, these techniques have
been applied successfully to the destruction of toxic and
persistent organic pollutants.

Several studies, based on (AOPs) such as: photocata- HO
lytic degradation [1-5], ozonation [6,7], H,O, photolysis
(UV/H,0,) [8], photo-Fenton (H,0,/Fe*"/UV) [9-12],
have investigated and showed the degradation of endo-
crine disrupting chemicals (EDCs).

Among the EDCs, 17f-estradiol (E2) (Figure 1) is the
natural and most potent intracellular estrogen, reported to
be harmful due to high potent estrogenic activity even at oH

*Corresponding author. Figure 1. Molecular structure of 174-estradiol.
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During Electro-Fenton process, hydroxyl radicals are
formed from the Fenton’s reagent (Fe*" and H,0,) which
are electrochemically generated in situ. Oxygen and fer-
ric ions are simultaneously reduced at the cathode to
generate hydrogen peroxide and ferrous ions according to
the following reactions:

H,0,+Fe’" — Fe’" +OH +OH 1)
0,+2H"+2¢e” - H,0, )
Fe''+e” — Fe** (3)

Hydrogen peroxide is produced continuously in aque-
ous medium by two-electron reduction of Oxygen gas at
the cathode [23]. Fe** is usually added to the treated zing
power of electro-generated H,0,. The produced Hy-
droxyl radicals are non-selective and highly reactive spe-
cies. They react efficiently with organic compounds lead-
ing to their degradation until total mineralization.

In the present work, we have applied the electro-Fen-
ton process to degrade, in aqueous-acetonitrile mixture,
the 17p-estradiol by the action of hydroxyl radicals. The
effect of some operational parameters such as effect of
organic co-solvent, hormone and catalyst concentration
on the efficiency of degradation E2, was investigated.
The rate constant of the hydroxylation of E2 was deter-
mined by using competition kinetics.

2. Materials and Methods
2.1. Chemicals Reagent

17p-estradiol,(C1gH,40,,(17p)-estra-1,3,5(10)-triéne-3,17-
diol (E2) purity > 98%) was purchased from Sigma-Al-
drich and used without further purification. Fe,(SO,);- 7H,O
(purity 99%) were purchased from Prolabo, Na,SO, (pu-
rity 99%) used as inert supporting electrolyte were ob-
tained from Acros organics. Acetonitrile (HPLC grade)
was also obtained from Sigma-Aldrich. The solution pH
was adjusted with sulfuric acid which was analytical
grade, from Merck. Organic solvents and the other chem-
icals used were either HPLC or analytical grade from
Prolabo and Aldrich.

2.2. Experimental Set Up and Analytical
Methods

The carbon felt piece (80 cm?) (Carbone Lorraine RVG
4000 Mersen, Paris La Défense, France) is used as a
cathode. It is placed on the inner wall of the cell covering
the totality of the internal perimeter. The anode is a
platinum electrode of 16 mm? (Radiometer), placed on
the centre of the cell. The initial pH of solutions is ad-
justed to 3 by Sulphuric Acid (H,SO,). Prior to the elec-
trolysis, a moderate compressed air is bubbled during 10
min through the cell to saturate the solution, which is
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agitated continuously by a magnetic stirrer.

Fe,(SO4);-7H,0 is introduced to the cell just before
the beginning of the electrolysis. Electrolyses are carried
out under current controlled conditions. The current re-
mained constant during electrolysis and samples are
withdrawn at regular electrolysis times. The ionic strength
is maintained constant by additions of 50 mM Na,SO,.

2.3. High Performance Liquid Chromatography
(HPLC)

The evolution of 17 pS-estradiol concentrations was de-
tected using a TSP (Thermo Separation Products) High
Performance Liquid Chromatography (HPLC) using Spe-
ctra system (P1000), equipped with an isocratic pump
and UV/Visible detector model Spectra series UV100,
fitted with reversed phase C-18 analytical column (Agi-
lent, 5 pm; 4.6 mm x 250 mm).

The detection of E2 was carried out at 280 nm. The
mobile phase was a mixture of water/acetonitrile (50:50,
v/v). It was eluted with a rate of 1 mL-min"'. The injec-
tion volume was 20 pL.

3. Results and Discussion

3.1. Effect of the Experimental Parameters on
Degradation of E2

The effect of some important system parameters on the
degradation of E2 in the Electro-Fenton process was in-
vestigated such as effect of organic solvent, initial con-
centration of E2 and metal catalyst.

3.1.1. Effect of Organic Solvent

The solubility of E2 in water is very low (1.51 mg/L) [26]
so we resort to the use of an organic co-solvent. However,
in the presence of an organic solvent, the process will be
accompanied by oxidation reactions combined. Indeed, it
is known that hydrogen peroxide decomposition occurs
as a radical chain process [25], in the presence of an or-
ganic solvent, chain process of H,O, decomposition will
be accompanied with conjugated solvent oxidation reac-
tions because solvent molecules usually react with hy-
droxyl radicals leading to the formation of secondary
radicals which are less reactive in the propagation stage
[25]. This could reduce the effective *OH concentration
and causes a decrease in oxidative capacity.

To evaluate the nature of co-solvent effect on Electro-
Fenton efficiency, we have conducted degradation tests
of E2 in the presence of two different organic co-solvents:
methanol and acetonitrile. The comparative results are
shown in Figure 2.

Degradation of E2 is very slow in the presence of
methanol as a co-solvent. This behavior may be explain-
ed as being due to the inhibitory effect of the solvent
which react with *OH scavengers [27] by the following
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reaction:
CH,OH + OH < CH,0OH + H,0 4)

The consumption of hydroxyl radicals delays degrada-
tion of the product and leads to the formation of second-
dary radicals less reactive. In the presence of acetonitrile
as co-solvent, it was shown that degradation of E2 was
more rapid than with methanol.

As can be seen in Figure 3, degradation decreased
with decreasing co-solvent fractions. Although the de-
tailed mechanism of acetonitrile oxidation by *OH re-
mains unexplained at present [28], the observed behavior
could be attributed to his well-known stability in anodic
oxidation, and the occurrence of *OH regeneration in the
presence of O, according to the following reaction [29]:

CH,CN +OH +0, < OH+ CH,0 + HOCN  (5)

Consequently, all further experiments have been car-
ried in acetonitrile-water mixture (30/70).

3.1.2. Effect of Initial Concentration on Degradation
The concentration of estrogenic hormones in wastewater
effluents and in natural waters varies with the seasons

1.00
0.90 —a— ACN/Eau (30/70)

0.80 —4— MeOH/eau (30/70)

0.70

0.60

0.50

[E2] (mg/L)

0.40

0.30

0.20

0.10

0.00 T T L] T T
0 10 20 30 40 50

Time (min)
Figure 2. Effect of organic solvent type on Degradation of
E2 during Electro-Fenton ([Fe?*] = 0.2 mM, [Na,SO,] = 0.05
M, pH =3, V=250 mL, [E2], =1 mg-L™", I =200 mA).
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Figure 3. Effect of fraction organic solvent on Degradation
of E2 during Electro-Fenton treatment ([Fe*'] = 0.2 mM,
[Na,SO,4] = 0.05 M, pH = 3, V=250 mL, [E2],=1 mg-L ", 1=
200 mA).

Copyright © 2012 SciRes.

and the number of habitant. Thus, it is necessary to in-
vestigate E2 degradation during the Electro-Fenton treat-
ment under different initial concentrations, in order to
gain a better characterization of the oxidative power of
the process.

Degradation of E2 was studied by changing the initial
concentration levels (1, 5 and 10 mg-L™") as depicted in
Figure 4. The disappearance of E2 was fast. The hor-
mone in acetonirile-water solutions with 1, 5 and 10
mg-L™' concentration were completely degraded after 25,
30 and 40 min respectively. A higher concentration of E2
required a longer electrolysis time. This might be ex-
plained by the competitive consumption of hydroxyl ra-
dicals by the generated intermediates at high initial con-
centration [13]. In fact, the increase of initial concen-
tration of E2 increases the number of hormone molecules
present in the solution for the same number of hydroxyl
radicals produced. So the amount of hydroxyl radicals
will be enough to degrade high pollutant concentration
leading to a decrease of the treatment efficiency [13].

In the other side, tracking the residual concentrations
during the electrolysis showed that the initial concentra-
tion does not appear to affect the hormone degradation
rate. In all cases, the degradation of E2 is totally com-
pleted after 40 min of electrolysis. The concentration de-
cay fit well with the pseudo-first order kinetics. In con-
clusion, the results show that the Electro-Fenton process
is applicable for a wide range of concentrations.

3.1.3. Effect of Metal Catalyst

The Fenton reaction could be catalyzed by several metal
jons such as Fe**, Co*', Ag’, Cu®"... In order to optimize
reaction conditions of the Electro-Fenton, hormone deg-
radation was investigated in the presence of three differ-
ent metal ions: Fe?*, Co*" and Cu*". The initial metal ion
concentration is 0.2 mM.
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Figure 4. Degradation kinetics of E2 with different initial
concentrations during Electro-Fenton treatment in acetoni-
trile-water (30/70, v/v). Curves show pseudo-first order
kinetic model analysis. ([Fe?'] = 0.2 mM, [Na,SO,] = 0.05 M,
pH =3, V,=250 mL, I =200 mA).
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As shown in Figure 5, degradation of E2 in the func-
tion of treatment time is exponential; the disappearance
of the hormone in the presence of Acetonitrile-water
mixture was fast. It was completely disappeared after 30
min in the presence of Fe** and after 50 min with Cu**
and Co*".

As it can be seen, in the presence of Fe*', the removal
of E2 was faster than the Electro-Fenton reaction with
Co™".

This behavior can be explained by scavenging reac-
tions between Ferrous, cobalt (II) ions and hydroxyl ra-
dicals [30].

Fe’'+OH — FeOH?" K = 4.3 x 108 M "s™' (6)
Co*"+OH - CoOH* K = 8 x 105 M "s™' (7)

Using Co®" as catalyst leads to faster formation of
complexes, and changes its concentration in the media.
Then, scavenging reactions harmed the treatment effi-
ciency. Using Cu®" as a catalyst or co-catalyst in this case
does not lead to an improvement in the rate of degrada-
tion of E2. Curves clearly show that the ferrous ions lead
to best degradation rates compared to Cu®" as a catalyst
with the same concentration. This can be explained by
the higher oxidative potential of Fe’"/Fe’ " (E” = 0.77 V
/SHE) compared to Cu®’/Cu’ (E° = 0.16 V/SHE) and
consequently, low production of hydroxyl radicals from
Fenton reaction between the generated Cu* and H,0,
[30].

According to several studies, amount of Fe*" is one of
important parameters which influence the efficiency of
the Electro-Fenton process [16-21,25]. In this study, to
determine the influence of Fe’" concentration on the de-
struction rate of 17f-estradiol, a series of electrolysis was
carried out with solutions of pH = 3, containing 5 mg-L™'
of E2 at 200 mA and varying Fe’" concentrations in the
range of 0.1 - 1 mM. The kinetics of the reaction was

5 ®|Cu
A Co

4 ®Fe

®Cu+Fe

[E2] (mg,L")

0 10 20 30 40 50

Time (min)

Figure 5. Degradation of E2 in acetonitrile-water solution
with different metal catalyst by Electro-Fenton process.
[E2], =5 mg.L_', [metal catalyst] = 0.2 mM, [Na,SO,4| = 50
mM, I =200 mA, V=250 mL, pH = 3.
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followed by HPLC chromatography.

As shown in Figure 6, the degradation rate was found
to increase with increasing Fe*" concentration up to 0.1
mM. There was no considerable change in the degrada-
tion rate for the concentration values between 0.1 and 0.2
mM. In contrast, the degradation rate was drastically
decreased when the concentration value reached 0.5 mM.
The degradation rate was significantly slow for the case
of 1 mM. The negative influence of the higher catalyst
concentration on degradation kinetics can be explained
by the increase of the rate of parasitic reaction occurred
during the Electro-Fenton process as follows [31]:

Fe’'+OH — Fe' +OH" (®)
Fe’ +H,0, < FeOOH> +H" )
FeOOH* — HO,+Fe** (10)

The excess ferrous ions can react with *OH, lead to the
consumption of the hydroxyl radicals with a high oxida-
tive potential [31].

This causes a decrease of the ferric reduction effi-
ciency and affects hormone degradation rate during Ele-
ctro-Fenton process. However, it is not a good idea to use
over high concentration of Fe*', because the ferrous ions
are not only generate hydroxyl radicals but also are
scavengers of *OH [32]. According to the obtained re-
sults, 0.2 mM was chosen as the optimal concentration
value under these conditions.

3.2. Degradation Kinetics of 174-Estradiol (E2)

Hydroxyl radicals produced in-situ by Electro-Fenton
process, react on 17f-estradiol and lead to its degrada-
tion. To investigate the kinetics of this degradation, elec-
trolyses were performed in acetonitrile-water solution
with pH = 3, saturated in oxygen, without any reagent
addition except ferric iron as catalyst and Na,SO, as

50
& [Fe2+4]=1mM

B [Fe2+]=05mM

A [Fe2+4]=0.2mM

@

—o—[Fe24]=0.1mM

[E2] /mg/L

time/ min

Figure 6. Degradation of E2 in acetonitrile-water solution at
several Fe?* concentrations by Electro-Fenton process. [E2],
=5 mg-L_l, [Na,SO4] = 50 mM, I = 200 mA, V = 250 mL,
pH=3.

MSA



884 Removal of 174-Estradiol by Electro-Fenton Process
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Figure 7. Competitive degradation kinetics of E2 and Ben-
zoic Acid by Electro-Fenton treatment acetonitrile-water
(30/70, v/v), [Na,SO,] = 0.05M, [Fe’'] = 0.2 mM, I = 200 mA,
pH =3, V, =250 mL, [E2], =5 mg-L", [BA], =2.25 mg-L".

supporting electrolyte. The analysis by HPLC during the
entire electrolysis allowed following the evolution of
hormone concentration.

As can be seen in Figure 7, the kinetics curves of the
hormone were characterized by a regular and relatively
fast exponential decrease of E2 concentration with elec-
trolysis time. A pseudo-first-order kinetics model was
applied to investigate the kinetics of degradation of E2.
The kinetic curves, obtained for I = 200 mA, found to be
best fitted with a pseudo-first order model as proved by
the high correlation coefficient (0.99). Apparent rate con-
stant value was determined analytically with Equation (1)
from the slope of Ln(Cy/C) vs. time (inset of Figure 7)
and it was found to be 0.0918 min' under given experi-
mental conditions.

In the Electro-Fenton process, the *OH formation rate
is controlled by the applied current during electrolysis
and the dissolved oxygen concentration. These parame-
ters being maintained constant during electrolysis, the
*OH production rate was also kept constant. As *OH is a
very reactive species, it does not accumulate in the solu-
tion, and its concentration takes a steady-state value dur-
ing treatment [15,24-26]. Therefore, the following equa-
tion can be written [17,25,33,34]

_dE2]
dr !
where [E2] is the hormone concentration.

In order to evaluate the apparent rate constant (K,p)
for the reaction between *OH and E2, the competitive
kinetics method was applied. This method is based on
simultaneous degradation of target compound and a
well-characterized standard competition substrate such as
benzoic acid (BA). The literature value of absolute rate
constant of BA with hydroxyl radical is 4.3 x 10° M "s™!

»s [E2][OH] =K [E2] (11)

app [
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[35]. Solutions containing equimolar concentrations of
E2 and benzoic acid were electrolyzed at 200 mA. Ap-
parent rate constant (K,,,) values of E2 and BA were
determined as 0.0918 min ' and 0.077 min™' respectively.

The absolute rate constant was calculated by using the
following equation

e ) 2

The absolute rate constant (K,,s) of the reaction be-
tween 17 f-estradiol and hydroxyl radicals was deter-
mined as 5.12 x 10°M'-s™" according to Equation (2).
This value is in agreement with K, values for hydroxyl-
lation reactions of aromatic compounds with hydroxyl
radicals, and it is of the same order of magnitude (be-
tween 10° and 10'"° M "s™") as was reported by many
authors [26,36].

4. Conclusion

In this work, we have investigated the degradation of
17p-estradiol by electrochemically generated hydroxyl
radicals in acetonitrile-water mixture. The efficiency of
this process is confirmed by the hormone concentration
decrease during the treatment until disappearing. The
results show that the Electro-Fenton process is applicable
for a wide range of concentrations and able to remove E2,
not only in aqueous media, but also in mixture of water
and organic solvent. The degradation kinetic by hydroxyl
radicals follows a pseudo-first order reaction kinetics. By
means of the method of competitive kinetics using ben-
zoic acid as standard competition substrate, the absolute
second-order rate constant was determined as 5.12 x 10°
M '-s7!. This value is in agreement with K, values for
hydroxylation reactions of aromatic compounds with hy-
droxyl radicals, and it is of the same order of magnitude
(between 10° and 10'°M"-s™") of those reported by many
authors. We plan in further studies to identify the degra-
dation by-products formed during the Electro-Fenton pro-
cess and to assess its toxicity. In conclusion, the treat-
ment with Electro-Fenton process of surface waters is a
significant removal pathway that needs to be taken into
account, mainly for endocrine disrupting chemicals.
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