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Abstract

This paper reports an investigation on the performance of the H,O, electrogeneration process on a rotating RVC cylinder cathode, and the
optimization of the O, reduction rate relative to cell potential. A study for the simultaneous oxidation of the herbicide 2,4-dichlorophenoxyacetic
acid (2,4-D) by the in situ electrogenerated H,O, is also reported. Experiments were performed in 0.3 M of K,SO,, pH of 10 and 3.5. Oxygen
concentration in solution was kept in 25 mg L~!. Maximum hydrogen peroxide generation rate was reached at —1.6 V versus SCE for both, acidic
and alkaline solutions. Then, 100 mg L~! of 2,4-D was added to the solution. First order apparent rate constants for 2,4-D degradation ranged from
0.9 t0 6.3 x 107> ms~!, depending on the catalyst used (UV or UV +Fe(I)). TOC reduction was favored in acidic medium where a decreasing of
69% of the initial concentration was observed in the process catalyzed by UV + Fe(II). This figure was an indication that some of the intermediates
derived from 2,4-D decomposition remained in solution, mainly as lighter aliphatic compounds.
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1. Introduction

The use of hydrogen peroxide may offer an efficient means
of controlling pollution in aqueous media. Hydrogen peroxide
is still one of the most popular non-selective oxidizing agent
used for the oxidation of organic pollutants to carbon dioxide.
Its reactivity is determined largely by the ratio of the concentra-
tion of HO» to substrate and reaction conditions, particularly
in the presence of Fe ions and UV radiation that catalyses
hydroxyl radicals formation. Furthermore, hydrogen peroxide
reactions leave no residuals in the reaction stream. When used
in dilute solutions such as those produced in electrolysis cells,
its reactions are non-hazardous and carried out in moderate con-
ditions. In the recent past, several papers have demonstrated
that in situ electrogenerated HyO, may also be used success-
fully for effluent treatment [ 1-10]. H, O, electrosynthesis is also
of interest because of the cost and hazards associated with the
transport, storing and handling of concentrated hydrogen perox-
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ide. Graphite flat plates [1,2] and three-dimensional electrodes,
made from reticulated vitreous carbon (RVC) [3-5] and gas dif-
fusion electrodes [6—12] have been used to reduce oxygen to
hydrogen peroxide at rates which are appropriate to the needs
of effluent treatment, in mild conditions of current density and
solution pH.

This paper reports an investigation on the performance of
the H,O, electrogeneration process on a rotating RVC cylinder
cathode, and the optimization of the O, reduction rate relative
to cell potential. Furthermore, a study for the simultaneous oxi-
dation of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D)
by the in situ electrogenerated H>O; is also reported.

The 2,4-D is an aryloxoalkanoic acid that works as a systemic
herbicide being used to control many types of broadleaf weeds.
Human exposure occurs through agricultural use, food products,
or through lawn and garden use. Continuous use may cause soil
percolation and groundwater contamination. Effects of exposure
of professional applicators, homeowners and bystanders have
been studied, but the risk of 2,4-D to human health has not been
completely assessed [13]. However, the central nervous system
is a target organ for the effects of this herbicide in different
animal species [14].
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Due to the 2,4-D’s refractoriness to degradation, an increas-
ing interest in the use of alternative processes for the pesticide
oxidation has been registered in the literature. Advanced oxida-
tion processes using titanium dioxide [15] and zinc oxide [16] as
photo catalysts have been reported and the yield of 2,4-D degra-
dation has shown to be dependent on the mass of semiconductor,
temperature and solution pH. Nevertheless, the measured TOC
values remained constant during illumination, which indicates
that mineralization hardly occurs. Ozonation, when catalyzed
with UV light in the presence of iron ions, has presented high
efficiency for the degradation of 2,4-D, its aromatic intermedi-
ates and organic acids. Hydrogen peroxide and Fenton reagent,
both catalyzed by UV radiation, also have shown higher conver-
sion rates to carbon dioxide [17-19].

Considering the challenge represented by the refractoriness
of 2,4-D to degradation by the attack of hydroxyl radicals
[20,21], it was chosen to evaluate the performance of the in
situ electrosynthesis of hydrogen peroxide process and the
simultaneous oxidation of an organic pollutant. Kinetics of
degradation and the route of 2,4-D fragmentation will be also
investigated.

2. Experimental details
2.1. Apparatus

Fig. 1 shows the RVC rotating cylinder electrode used for the
experiments, with a screw adaptable to the PAR 616 RDE mod-
ule. The 35 mm long cylinder (diameter of 11 mm) was shaped
from a 60ppi RVC plate. This material presents an average
specific area of 3900 m?> m~3, according to the manufacturer’s
literature. The RVC cylinder was bonded to the brass screw
using the thermally curable Dylon PX Grade Graphpoxy con-
ducting epoxy. When necessary, a vitreous carbon rotating disc
electrode (A=0.12cm?) was also used. All experiments were
controlled by an Autolab PGSTAT 30 potentiostat/galvanostat.
The experiments were run in a 100 mL three electrode cell,
with a water jacket to keep temperature in the range from 8
to 10 °C. A platinum foil was used as counter electrode with an
area large enough to cover the inner perimeter of the electro-
chemical cell, such that the RVC working electrode was com-
pletely surrounded by the counter electrode. A saturated calomel
electrode (SCE) was used as reference. In the experiments in

Fig. 1. 60 ppi RVC rotating cylinder cathode.

which H;0O» oxidizing action was catalyzed by UV radiation,
an 8 W Sankyo Denki G8T5 (fluency rate of 31.1Jm?s~! and
Amax =254 nm) germicidal lamp was inserted into the electro-
chemical cell.

2.2. Solutions

Supporting electrolyte was always K»SO4 0.3 M and NaOH
or HSO4 were added to pH of 10 or 3.5, respectively. For the
electrolysis carried out in acidic medium, pH dropped from 3.5
to 2.5 at the first moments of the electrolysis and then became
constant. Oxygen was thoroughly bubbled into the solution to
keep a 25 mg L ™! concentration of dissolved oxygen, monitored
by an Orion DO sensor. Analytical grade Aldrich 2,4-D was
used as received and 100 mg L ™! was added to the supporting
electrolyte for the experiments. After 2,4-D addition, solution
presented TOC value of around 50 mgL~!. When need, 1 mM
of FeSO4 was added to the solution. Volume of solution used
for all experiments was 130 mL.

2.3. Analytical control

Hydrogen peroxide concentration was determined by poten-
tiometric titration using a standardized KMnO4 0.01N solution
in an automatic 702SM Metrohm titrator. 2,4-D degradation
was followed by a Shimadzu HPLC equipment, with a Supelco
LC-18 reversal phase column, 5 pm x 4.6 mm x 250 mm, and
H,O/CH3CN/CH3COOH, 52:46:2 (%/%/%) mobile phase.
UV detector was set at 280nm and the flow rate was
1.2 mL min—!. Formation and degradation of 2,4-D interme-
diates were also followed by HPLC. Analytical grade 2.4-
D (Aldrich) was used to establish a calibration curve in a
concentration range from 0 to 100mgL~" for 2,4-D. Simi-
lar calibration curves were obtained in the concentration range
from 0 to 50mgL~! for the intermediates which are 2.4-
dichlorophenol (2,4-DCP), 2,4-dichlororesorcinol (2,4-DCR),
4,6-dichlororesorcinol (4,6-DCR), 2-chlorohydroquinone (2-
CHQ) and 2-chlorobenzoquinone (2-CBQ), all purchased from
Aldrich.

The main aromatic intermediates, resulting from the oxida-
tion of 2,4-D, were identified by an 5988A HP GC-MS. One-
millilitre samples were adjusted with HC1 50% and extracted
from the aqueous phase with ethyl acetate. The organic phase
was then analysed in the GC-MS equipment. An polyethyleneg-
lycol Inovax column was used and temperature program was
Smin at 35, 35-150°C at 20°C/min, 2min at 150°C and
150-250°C at 30 °C/min, then kept by 3 min.

Total organic carbon (TOC) values were obtained in a TOC
5000 Shimadzu equipment. Chemical oxygen demand (COD)
was measured using a Hach 45600 closed reflux digester and a
Hach DR/2010 spectrophotometer.

2.4. Procedures

Experiments reported here are basically conducted at con-
stant potential. Controlled potential electrolysis was used for the
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Fig. 2. I/E response for O, reduction reaction on RVC cathode for the rotation
rates as shown. Potential scan rate of 100 mV s~!, from 0.0 to —1.8 V,ina 0.3 M
K,SO0y4, pH 10, oxygen saturated solution.

optimization of HyO; electrogeneration rate related to potential
and temperature. During electrolysis of O, saturated solutions,
catholyte was sampled at pre-determined time intervals and
H;0, concentration was measured. Then, a H,O; electrogen-
eration rate was obtained as a function of potential within the
range from —0.5to —1.9'V versus SCE. Another tool for assess-
ing the range of potential in which H>O» is generated at suitable
rates is the linear sweep voltammetry. However, current response
of foam type electrodes does not allow a clear identification
of mass transfer limited electrochemical reactions [22]. Ohmic
losses within the porous electrode may change a mass transfer
limited regime to a mixed controlled process, where electron
transfer plays a role. Thus, limiting current penetration depth
into the cathode material may be limited to less than 2 mL, and
current density drops steeply towards the inner portions of the
electrode [23]. Fig. 2 shows the I/E response for a potential scan
from 0.0 to —1.8V in a 0.3M K;SO4, pH 10, oxygen satu-
rated solution, at a scan rate of 100mV s~!. As limiting current
plateaus are not defined on the three-dimensional electrode the
choice of a working potential, in which the reaction is fully mass
transfer controlled, is not possible. Then, a range of potential
must be chosen for the optimization of HoO; electrosynthesis
rate. Once the process was optimized, the pesticide was added
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Fig. 3. Fifthcycle voltammogram for solutions nitrogen purged with and without
2,4-D. Potential scanned at 50mV s~!, from —0.1 to —1.5V vs. SCE. Solution
composition as in Fig. 2.

to the supporting electrolyte and its degradation was followed
by HPLC.

3. Results and discussion
3.1. Electrochemical reduction of 2,4-D

As the in situ generation of hydrogen peroxide is an
electrochemical reduction process, it was necessary to certify
that 2,4-D do not undergo itself to degradation by a reduc-
tion reaction. Then, cyclic voltammetry was used for the
identification of possible reduction reactions. Potential was
scanned from —0.1 to —1.5V versus SCE, at 50 mV s_l, on
a vitreous carbon disc electrode surface. Data recorded for a
nitrogen purged supporting electrolyte were compared to those
recorded for the same solution in which 2,4-D was added.
Fig. 3 shows the fifth cycle voltammograms comparison, in
which current response are superimposed. The presence of the
2,4-D in solution do not modifies the response of the supporting
electrolyte. Current response of some tens of microamps are
due to discharge of water adsortive and desortive processes.
Data depicted in Fig. 3 resulted from the pH 10 alkaline
solution. Even considering that the potentials are slightly
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Fig. 4. H,O; concentration as a function of electrolysis time. (A) Concentration profiles for the applied potentials as shown. (B) Concentration profiles for temperatures

and pH as shown. Solution of K»SO4 0.3 M.
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Fig. 5. 2,4-D normalized concentration decay as a function of electrolysis time for the process as indicated. (A) pH 10 solution. (B) pH 3.5 solution.

shifted more positive for the pH 3.5 solution, no signs of
2,4-D reduction were found during similar experiment in acidic
medium.

3.2. Hydrogen peroxide electrogeneration

Experiments for the optimization of the generation rate of
hydrogen peroxide in alkaline medium were conducted using a
0.3M K3SO4, pH 10 solution, in which O, concentration was
kept in 25 mg L. Potential was ranged from —0.5 to —1.9V
and the RVC electrode was rotated at 900 rpm, limiting value for
vortex formation on the solution surface. Fig. 4a shows curves
of hydrogen peroxide concentration as a function of electrolysis
time obtained at a temperature of 18 °C. Until the potential value
of —1.7V, H,O, concentration increased steeply at the begin-
ning of the electrolysis showing a tendency for stabilization.
Final concentration value increased with potential until —1.7 V.
From this potential value, the rate of hydrogen peroxide gener-
ation decreased as potential increased and higher overpotential
values favored water formation, or the reduction of O, direct to
H»O0, in a four electrons exchanged reaction. As a result, HyO»
concentration do not stabilizes, as can be seen for the poten-
tial of —1.9 V. Temperature also plays an important role in the
electrosynthesis of hydrogen peroxide. Fig. 4b shows that by
reducing temperature to 10 °C, final concentration of hydrogen
peroxide was three times higher at the potential of —1.6 V. This
is due to an increasing of oxygen solubility in the solution and
also to a greater stabilization of the hydrogen peroxide as a con-
sequence of a decreasing in the competing decomposition rate.
Fig. 4b also shows that, by changing solution pH from 10 to 3.5,
there is no appreciable gain in the reaction rate. Considering
the results reported here, the experiments for the degradation of
2.4-D were conducted at —1.6 V and 10°C.

3.3. Experiments of 2,4-D degradation

In a new series of experiments for 2,4-D degradation, elec-
trolysis was conducted in the potential of —1.6 V, at temperature
of 10°C. An amount of 100mgL~" of the pesticide were then
added to the 0.3 M K;SO4 supporting electrolyte. Fig. SA and B
shows profiles of the pesticide normalized concentration decay
in the alkaline medium and acidic medium, respectively. In

the absence of any catalyst, 2,4-D degradation rate is favored
in acidic solution. Hydrogen peroxide ability for oxidizing an
organic substrate (R) in alkaline and acidic media is due to the
reactions below

HO,” +H"+R — RO + H,0 (D)
(2)

However, when catalyzed by UV radiation, hydrogen peroxide
decomposes into hydroxyl radicals (OH®), according to

H,O0, +R — RO + H,O

H,0,-2%2 OH* @)
Thus, hydroxyl radicals are responsible by the combustion of
the organic compound as follows:

R + OH®* - CO,+H" +e~ (3)

The synergic effect of both processes (reactions (1) and (3))
may be observed by the higher 2,4-D UV degradation rate in
Fig. 5A and B, and higher rate of decomposition was observed
when the process was UV assisted (H>O,/UV process). On the
other hand, acidic medium is still favoring the pesticide degra-
dation. By comparing curves of pesticide concentration decay
from Fig. 5A and B, it is possible to note that degradation rate is
always higher in solution with initial pH of 3.5. Even considering
that, solution pH do not interfere in the H,O; electrogeneration
rate, the acidic medium favored the 2,4-D hydroxylation reac-
tion. Fig. 5B also compares the action of H>O; on the pesticide
for the H,O,/UV process and for the H,O2/UV/Fe(Il) process
(photo-electro-Fenton process). The last dropped the 2,4-D con-
centration to a value close to zero in less than the half of the
time need for the other processes. The outstanding performance
is also due to an increasing in the HyO» decomposition rate to
OH? catalyzed by Fe(II) ions in solution according to

Fe?t + H,0, — Fe’t + OH™ +OH® 3)
Then, Fe(IIl) is reduced to Fe(II) by both, electron transfer at the
cathode surface and photo-reduction, thus regenerating Fenton’s

reagent according to
Fe3t 4 e~ — Fe?t

“

[Fe(OH))*t + hv — Fe’T + OH® 5)
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E?:clfr(ilysis times for the removal of 90% of 2,4-D concentration and for the processes as shown, and apparent rate constants (k) for the degradation

pH 10 pH3.5

H,O, H,0,/UV H,O, H,0,/UV H,0,/UV/Fe(ll)
t90g (min) 100 85 75 62 25
kx 10 ms™! 0.9 (R=0.992) 1.3 (R=0.991) 1.3 (R=0.992) 2.1 (R=0.999) 6.3 (R=0.996)

Table 1 shows a general comparison between electrolysis
times demanded for the removal of 90% of 2,4-D initial concen-
tration according to the processes selected for the experiments.

3.4. Evolution of 2,4-D intermediates concentration

The pesticide intermediates derived from the oxidation
processes were followed by HPLC. Samples taken from
the process of 2,4-D degradation by non-catalyzed H;O»
solution at pH 10 was firstly examined. Fig. 6 (A-C) shows
some of the chromatograms obtained during the electrolysis
time. Fig. 6(D) also shows the simultaneous evolution of the
2,4-D derivatives normalized concentration. Peak 1 (retention
time of 7min), that decreases rapidly, is related to 2,4-D
and the peak 2, at 8.3 min is a result of the first attack by
hydroxyl radicals in which 2,4-dichlorophenol (2,4-DCP)
is formed. Other hydroxylated derivatives can be observed
by peaks 3 (retention time of 5.5 min) and 4 (retention time
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of 3.9 min) which are 2,4-dichlororesorcinol (2,4-DCR) and
4,6-dichlororesorcinol (4,6-DCR), respectively. Peak 5, at
3 min, represents the early stages of dechlorination and the
formation of 2-chlorohydroquinone (2-CHQ). No peak of 2-
chlorobenzoquinone (2-CBQ) has been detected as previously
reported [20]. As can be seen, the solution remaining from
the H,O, non-catalyzed process is still presenting 2,4DCR
and 2-CHQ concentrations, and Fig. 6(D) shows that removal
of 2-CHQ is less than 90% after 6h of electrolysis. This is
an indication that total mineralization in the non-catalyzed
process hardly occurs as we will see later by analyzing TOC
results.

Except by the 2-CHQ), all other aromatic derivatives such the
dichlorophenol and both dichlororesorcinol were also identified
by GC-MS. By expanding the more intensive peaks present in
the total ions chromatogram of the sample taken at 60 min of
electrolysis, the compounds above were identified by their frag-
mentation mechanism.
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Fig. 6. HPLC chromatograms for the samples taken at (A) 0 min, (B) 60 min and (C) 360 min. (D) Concentration evolution of 2,4-D and its derivatives with electrolysis

time. Process of HyO; electrogeneration, at pH 10, without catalysts.
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Fig. 7. Concentration evolution of 2,4-D and its derivatives with electrolysis
time. Inset: derivatives concentration as a function of time (z — #y9) where 7y is
the inflexion points of each curve. HyO, + UV + Fe(II) process, at pH 3.5.

In anew series of experiments, the samples obtained from the
photo-electro-Fenton (H,O, + UV +Fe(Il)) process were also
followed by HPLC. Chromatograms show the same peaks point-
ing out to the formation of the same intermediates, however
at different rates of formation and degradation. Fig. 7 shows
that after 3h of processing, none of the aromatic 2,4-D by-
products remain in solution. The chromatogram of the sample
taken at 180 min is reduced to a base line, except of the sul-
fate peak. By-products concentration increases steeply until the
rate of formation becomes equivalent to the rate of decompo-
sition. At this moment of the process, curves of concentration
present an inflection point from which the intermediate degrada-
tion rate is a mandatory process. Inflection points for 2,4-DCP
and 2,4-DCR appears at 15 min of processing and for 4,6-DCR
and 2-CHQ at 50 min since they result from the decompo-
sition of 2,4-DCR. Considering these inflection points as f
and referring the time of electrolysis to 79, comparison among
intermediates degradation curves shows that the decaying con-
centrations approaches an exponential decay, as an example of
2,4-D concentration. These behaviors are shown in the inset from
Fig. 7. A pseudo-first order kinetic in this kind of process is an
indication of the presence of an steady state concentration of
hydroxyl radicals resulting from H>O; decomposition, which
is much more effective when compared to the non-catalyzed
process. As will be discussed later, H>O» concentration remain-
ing in solution during electrolysis is much lower for the cat-
alyzed process, although it is being formed at the rates shown
in Fig. 4.

Considering the information collected through the chro-
matograms and taking into account results reported in the lit-
erature [20,21], it is possible to summarize a schematic pathway
for the degradation of 2,4-D. Fig. 8 shows the proposed pathway,
that includes the formation of 2,4-DCR by attack of hydroxyl
radicals to the ring and, in the other arm, the formation of 2,4-
DCP by attack to the side chain. The compound 2-CBQ), although
not detected by all the analytical means, was included as a nat-
ural sequence of transformation of 2-CHQ.

3.5. Kinetics of 2,4-D removal

The effect of UV assistance and Fe(Il) addition on the 2,4-
D oxidation rate may be better compared by a kinetic analysis
of the time dependent concentration decay curves. Exponential
decaying profiles from Fig. 5 were used for the calculation of the
apparent rate constants for 2,4-D degradation, and Fig. 9 presents
the plot of In [C(¢)/C(0)] versus time. Straight lines obtained in
these plots are the confirmation of a pseudo-first order 2,4-D
concentration decay during the treatment. This linear relation-
ship results from the solution of the mass balance differential
equation, and may be written as

Ak
C@) = C(0)exp — (V> t (6)

where C(0) is the initial 2,4-D concentration, A the active elec-
trode area, V the volume of the solution being processed, ¢
treatment time and k is the apparent rate constant for 2,4-D oxi-
dation, which may be calculated from the slope in the plot of
In [C(#)/C(0)] versus ¢. For a porous electrode, active area (A)
is represented by the product A.V., where A, is the specific
area and V. is the electrode volume. Considering the electrode
dimensions described earlier and a current penetration depth of
1.5 mm usually observed for electrolysis on porous materials
[23], active electrode area during the experiments was 32 cm?.
Then, slopes from Fig. 9 were used for apparent rate constants
calculations for the different oxidative processes. Table 1 also
shows k values followed by their respective fitting coefficients
(R). Apparent rate constants for 2,4-D degradation are compara-
ble to the ones observed for electrolysis of solutions containing
free cyanide [24] and phenol [25] on TiO>,—RuO; oxide anodes.
Furthermore, k values for 2,4-D hydroxylation are of the same
order of magnitude of those obtained in photo-assisted electrol-
ysis of E1 Kraft mill effluent from the first alkaline extraction of
lignin in pulp and paper manufacturing [26]. This is an indication
of the applicability of this process as an alternative to conven-
tional treatments as electrolysis on oxide anodes has been.

3.6. H>0; remaining concentration during 2,4-D oxidation

During the removal of 2,4-D from solution, HyO; still being
generated and consumed. However, HO» remaining concentra-
tion as a function of the electrolysis time presented a different
behavior when compared to those from Fig. 4 and, as expected,
H»0; is consumed by decomposition to OH® and oxidation of
the substrate. Fig. 10 reproduces, as upper curve, the H,O; con-
centration profile from Fig. 4a obtained in the absence of the
pesticide. Then, Fig. 10 also compares this concentration profile
to those measured in the presence of the substrate being oxidized.
Increasing concentration values are observed at the beginning
of the electrolysis and then, HyO; concentration decreases as
a result of the decomposition into hydroxyl radicals and the
hydroxylation of 2,4-D. By assisting the process with UV, the
rate of HoO» decomposition increases and peak of concentration
is lower. As a result, more hydroxyl radicals become available
for the pesticide oxidation, which is confirmed by the results
depicted in Fig. 5. When Fe(Il) ions are added to the solution,
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Fig. 8. Summarized pathway for the degradation of 2,4-D.

decomposition of HyO into hydroxyl radicals is speeded up.
Electrogenerated hydrogen peroxide is promptly decomposed
according to the reaction represented by Eq. (3), and 2,4-D oxi-
dation rate increases (see Fig. 5b). As aresult, Fig. 10 shows that,
in the presence of iron, only residuals of HoO; can be measured
in the course of the process of 2,4-D oxidation.

3.7. Conversion of 2,4-D to carbon dioxide
Conversion of 2,4-D to carbon dioxide may be followed by

TOC concentration. Reduction of TOC concentration is not so
expressive in alkaline medium. As shown in Table 2, a reduction

of around 20% of TOC was observed at pH 10 even considering
the observed decreasing of 90% of 2,4-D concentration. In acidic
medium, TOC concentration decay was more expressive, from
57% to 69%, depending on the process considered (see Table 2).
In this table an extra experiment appears carried out in acidic
medium in which the lamp was not used. For this experiment
just TOC initial and final values were measured and 67% of TOC
was removed. This an evidence that the role of illumination in
Fe(II) presence is secondary and the iron circle, represented by
Egs. (4) and (5), is mandatory in regenerating Fenton’s reagent.

As a final consideration, results of TOC reduction, depicted
in Table 2, are an indication that some of the intermediates



C. Badellino et al. / Journal of Hazardous Materials B137 (2006) 856864 863

0.0

-0.54
S 104 H,0,, pH 10
o ]
ﬁ - H,0,/UV, pH 10
£ H,0, pH 3.5

= H,0,/UV, pH 3.5

2.5

1 H,0,/UVIF€”, pH 3.5
-3.0 T - T T T g T T 1
0 1000 2000 3000 4000
time / sec

Fig. 9. Linearized 2,4-D normalized concentration decay as a function of elec-
trolysis time for the processes studied. Data taken from Fig. 5.

derived from 2,4-D decomposition remain in solution. However,
examination of the intermediates concentration profiles from
Fig. 7 shows that the TOC concentration remaining in solution
(31%) is probably due to ring opened derivatives and carboxylic
acids. Thus, most of the organically bonded carbon concen-
tration remaining in solution is possibly in aliphatic organic
compounds form, which may be easily biodegraded.

3.8. Current efficiency and energy consumption

Current efficiency for the generation of hydrogen peroxide is
still low and immobilization of organic catalysts on RVC cath-
ode is part of going on studies in our group. Low efficiency in
electrosynthesis of hydrogen peroxide is an evidence that most
of the dissolved oxygen undergoes a four electrons reaction with
water as a final product. At optimized conditions, using poten-
tial of —1.6'V versus SCE, cell current and cell potential are
0.18 A and 2.5V, respectively. In these conditions, 130 mL of a
275 mg L~! solution was generated in a 4 h experiment, at 10 °C
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Fig. 10. H,O, concentration remaining in solution during the oxidation of the
2,4-D for the processes as indicated.

Table 2
Percentage of TOC concentration removed (TOCR) and energy consumed (Ec)
per gram of TOC removed for the processes used for 2,4-D degradation

Process pH 10 PH3.5
TOCr  Ec (kWhg™') TOCr  Ec(kWhg™!)
(%) (%)
H,0, 22 0.16 57 0.06
H,0,+UV 23 2.9 58 1.16
H,0; + Fe(II) - 67 0.05
Hy0, +UV+Fe(ll) - 69 0.98

(please see Fig. 4B). Charged passed was 0.72 A h although only
0.052 A h would be necessary. As a result current efficiency was
7.8% and energy consumption was 0.05kW hg~! of hydrogen
peroxide.

Reduction of TOC concentration is a good parameter for
the energy cost estimation of an effluent treatment technol-
ogy. Energy consumed for TOC degradation in the experiments
reported here were 1.8 x 1073 kWh for the electrolysis and
3.3x 1072kWh for the UV illuminated electrolysis. Taking
these values into account, Table 2 also shows the energy con-
sumption for each process showing that photo-electro-Fenton
and electro-Fenton processes present an equivalent performance
in TOC removal and much less energy is demanded for the
electro-Fenton process.

4. Conclusions

Electrogeneration of hydrogen peroxide from oxygen reduc-
tion is also an efficient means of controlling organic pollutants
concentration in aqueous media. Maximum generation rate was
reached at —1.6 V versus SCE for both, acidic and alkaline solu-
tions. Apparent rate constants for 2,4-D degradation ranged from
0.9t06.3 x 107> ms~!, depending on the catalyst used (UV or
UV +Fe(ID)).

TOC reduction was favored in acidic medium where 69%
of concentration decrease was observed in the H, O,/UV/Fe(II)
process. Similar performance was reached by the H, Oy/Fe(II)
showing that UV radiation plays a secondary role in Fenton’s
reagent regeneration. Values for TOC removal are an indication
that some of the intermediates derived from 2,4-D decomposi-
tion remain in solution. However, by considering the interme-
diates identified by HPLC and GC-MS and their sequence of
degradation, they are lighter aliphatic compounds that, on the
contrary of 2,4-D, may be easily biodegraded.
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