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Abstract. A novel photoelectro-Fenton system was built by coupling a
carbon sponge (CS) with a carbon steel plate (CSP). When this system
contacts a solution containing orange II dye (OGII) under ultraviolet
(UV) irradiation, 68% of the solution color was removed compared
with 0% without UV irradiation. The tests indicate that the CS-CSP
arrangement releases iron ions, a phenomenon associated with the
removal of 23% of the solution color, a percentage similar to that
obtained when Fe?" and Fe’' salts are directly placed into the dye
solution. The identification of oxidizing free radicals and the color
removal percentages indicate that the CS-CSP coupling can operate
as in situ Fenton process.

Keywords: in situ, photoelectro-Fenton, carbon sponge cathode.

Resumen. En este trabajo se construyo6 un sistema fotoelectro-Fenton
novedoso mediante el acoplamiento de una esponja de carbon (EC)
con una placa de acero al carbon (PAC). Al colocar este arreglo con
una solucion del colorante naranja II (OGII) irradiando luz ultravio-
leta, se logro remover el 68% del color de la solucidén, comparativa-
mente con el 0% obtenido cuando no se aplicé luz UV. Las pruebas
realizadas indican que el arreglo EC-PAC libera iones de hierro y que
este fendmeno esta asociado a la remocion del 23% del color de la
solucidn, porcentaje similar al que se obtiene cuando se colocan sales
de Fe?" y Fe 3" directamente en la solucion del colorante. La identifi-
cacion de la formacion de radicales libres oxidantes cuando se usa el
arreglo EC-PAC y los buenos porcentajes de remocion obtenidos son
indicios de que el acoplamiento EC-PAC puede estar actuando como
un proceso Fenton in situ.

Palabras clave: In situ, fotoelectro-Fenton, catodo de esponja de
carbon.

Introduction

The use of water in industrial processes has introduced diverse
contaminants, identified as health risks, into residual waters.
Among the most important contaminants are heavy metals
[1-4], hydrocarbons [5] and organic compounds [6-8], which
are generally considered toxic or dangerous. To treat the or-
ganic contaminants, various techniques have been proposed,
of which biological treatments are most accepted. However,
when the residual water contains organic compounds of poor
biodegradability, this treatment exhibits limited efficiency. In
this context, advanced oxidation processes (AOPs) emerge as
alternative treatments for successfully removing this group of
contaminants. Advanced oxidation processes are characterized
by the production of “OH free radicals that possess a high oxi-
dizing power and can mineralize organic contaminants in water.
Among the best-known AOPs, the Fenton process is one of the
most popular since it generates “OH radicals from the reaction
between hydrogen peroxide (H,0O,) and iron (Reaction 1). A
variant to the Fenton concept is the electro-Fenton process in
which hydrogen peroxide is generated from the electrochemi-
cal reduction of the O, in the water (Reaction 2). During this
process, the current applied to the system can also reduce Fe?*
to Fe?" (Reaction 3), regenerating the Fe?* necessary for the
Fenton reaction (Reaction 1).

Fe?* + H,0, — Fe3* + "OH + OH- (1)

02 + 2HJr +2¢ — H202 (2)
Fe’' + e — Fe?* (3)

When the electro-Fenton process is carried out in the ab-
sence of UV light, a peroxi-coagulation process can take place
since Fe(OH); is produced. This effect is promoted by accumu-
lation of the Fe3" species as shown by Reaction 1 (9). In this
case, a coagulation process carries out the removal of pollutants.
Although different studies performed using electro-Fenton [10-
11] and photo-assisted electron-Fenton [12-13] processes report
the efficient degradation of various contaminants, most of the
electrochemical cells involve complex designs and arrange-
ments of the electrodes and require an external voltage source.
The development of in situ Fenton processes could provide an
alternative to the conventional electro-Fenton processes via
systems capable of generating free radicals without requiring
an external potential. In our earlier studies, we confirmed that a
Ti0,-C nanocomposite exposed to ultraviolet radiation can in-
crease hydrogen peroxide generation by reducing the O, in the
carbon contained in the composite [14-15]. In contrast, Tryba
et al. prepared TiO,-C-Fe nanocomposites and observed that
the arrangement functions as an in situ Fenton system, capable
of oxidizing organic compounds in contact with it [16-17]. In
the present research, a photoelectro-Fenton system was built by
coupling a carbon sponge and a carbon steel plate (a concept
which is similar to that of the iron-air battery (18)), which is
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then irradiated with ultraviolet light. The obtained results indi-
cate that the arrangement can operate as in situ Fenton system
to remove the color of an orange II dye (OGII) solution.

Experimental Section

This system is formed by coupling a carbon sponge (CS) cath-
ode and a carbon steel plate (CSP) anode, both 8 mm x 25
mm, using a stainless steel wire that joins both components
(Figure 1).

The degradation tests were performed by placing a 10 ml
sample of the OGII dye (C;¢H;N,NaO,S, Aldrich) with a pH
of 3 and a concentration of 10 mg/L in a beaker. The CS-CSP
system, including the wire that joins the components, was im-
mersed in the dye solution, and ultraviolet light was applied
using a low-pressure Hg lamp (UVP Inc., P =75 mW/cm2 and
A =354 nm). The dye concentration was determined from the
absorbance at 487 nm using a UV-Vis Hach model DR/4000U
spectrophotometer. To quantify the iron dissolved from the CS-
CSP, the system was immersed in a Na,SO, (0.05 M) solution,
pH 3, and irradiated with ultraviolet light. The iron content of
the solution was determined after contact using cyclic voltam-
metry with an Epsilon potentiostat and a three-electrode cell
consisting of a gold working electrode, an Ag/Ag reference
electrode and a platinum counter electrode. In contrast, to de-
termine the effect of iron in the solution on the OGII discol-
oration, 10 ml of the dye and a 5 pg/L Fe*'solution, prepared
from an FeSO, salt, were added and irradiated with ultraviolet
light for one hour. The absorbance at 487 nm was measured at
the end of the process to evaluate the color disappearance. The
effect of Fe3* was similarly evaluated by adding an FeCls salt
to the solution. Afterwards, to verify any effect of the contact
between the surface of the carbon sponge and the dye, the
elemental composition was determined via Energy Dispersive
X-Ray Spectroscopy (EDS) using an scanning electron micro-
scope (JEOLJSM5400LV); in addition, images were obtained
with an optical microscope using a 10x objective and a beam
width of 50 um. Finally, to verify that the electrode arrange-
ment operates as a Fenton process, the free radicals generated
by the CS-CSP arrangement were quantified using N,N,-di-

Ll

1. Carbon sponge (CS).
2. Carbon Steel plate (CSP)
3. Stainless Steel wire

Figure 1. Components of the mini cell (CS-CSP system).
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methyl-p-nitrosoaniline (RNO, Sigma Aldrich) and measuring
the decrease in absorbance at 350 nm. [19]

Results and Discussion
Color removal efficiency by the CS-CSP system

The efficiency of the dye degradation process under varying
conditions is provided in Table 1. The results indicate that when
the electrode system is used (CS-CSP) on a solution saturated
with O,, 68% of the color is removed from the solution. When
the solution is saturated with N,, the removal percentage de-
creases to 18%, demonstrating that oxygen must be present
in the solution to achieve efficiency. To enhance the effect of
dye adsorption on the system components, the same test was
performed using CS and CSP separately. For the CSP case,
removal percentages of 25% and 5% were obtained in solutions
saturated with oxygen and nitrogen, respectively; while for the
CS, 4% was removed from the solution containing O, and 0%
from that containing N,. When the experiments were performed
without ultraviolet light, the solution color was maintained in
all cases, thus making ultraviolet irradiation a decisive factor
in the discoloration process.

Figure 2 presents the processes that could occur in the
system with the UV irradiation dissolving the iron (Fe?" and
Fe3") from the CSP. The electrons produced when the iron
is dissolved are transferred to the carbon, which reduces the
oxygen present in solution to generate hydrogen peroxide. The

Table 1. Degradation of OGII.

Sample With irradiation Without irradiation

Saturated Saturated Saturated Saturated

with O, with N, with O, with N,
OGII 3% ~1% 0 0
OGII/CS 4% 0 0 0
OGII/CSP 25% 5% 0 0
OGII/CS- 68% 18% 0 0
CSP

0,
H,0,

Figure 2. Diagram of the photo-electro-Fenton process.
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interaction between the generated H,O, and the dissolved iron
produces free radicals, which can oxidize the dye, thus remov-
ing the solution color.

Iron dissolution in the CS-CSP system via cyclic
voltammetry

Previous studies have proposed that iron could dissolve from
an Fe® source, a phenomenon that could be utilized to carry
out a Fenton process. To identify the release of iron by the
CS-CSP system, cyclic voltammetry was performed. Figure 3a
provides the voltammograms obtained at the beginning of the
test (Figure 3a), at 10 min (Figure 3b) and at 60 min (Figure
3c). The tests performed at 10 and 60 min exhibit oxidation
and reduction signals that are identified with the Fe?'/Fe3*
redox pair; the voltammograms also demonstrate that the peak
current increases from 10 to 60 min as the iron concentration
increases in the solution due to the dissolution from the CS-CSP
system. When the same test is performed without ultraviolet
light at 60 min of contact (Figure 3d), these current peaks are
also observed with much lower intensity, indicating that the
dissolution rate is lower without UV irradiation.

The Fe? dissolution process was described by Liao et al.
[20], who proposed an oxidation from Fe® to Fe?*initiated by
the adsorption of water molecules onto the metallic iron surface
(Reaction 4), followed by the formation of hydroxides (Reac-
tions 5, 6 and 7), and ending with the dissolution of Fe>" ions
in the acidic solution (Reaction 8).

Fe + HyO — Fe(H,0),46 4)
Fe(H,0),4; — Fe(HO ), + HT 5)
Fe(HO),4s — (FeOH),q, + € (6)
(FeOH),4s — (FeOH) 4, + € (7
(FeOH)" 4 + H" — Fe?" + H,0 (8)

urrent {Amp)

i

E (Volt=)

Figure 3. Cyclic Voltammograms of the CS-CSP system in aqueous
Na,SO,4 (0.05 M) adjusted to pH 3 with H,SO,4 and saturated with
oxygen. Several intervals of UV irradiation are depicted: A) 0 min, B)
10 min, C) 60 min and D) 60 min without irradiation.
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In this process, two electrons are released into the bulk
solution through a metal-ligand charge transfer process, which
could reduce the OGII and decrease the solution color.

Effect of Fe** and Fe*' in the solution on the
discoloration process

To the presence of iron ions in the OGII degradation, tests were
performed using dissolved Fe?* and Fe3" salts as an iron source
under ultraviolet irradiation. The results indicate that 23% of
the color present in the solution is removed in both cases,
regardless of the iron source. This value coincides with the
percentage removed using the carbon steel plate, 25% (Table
1). According to the previous results, the iron dissolved from
the CSP works in a manner similar to that of the iron salts
in solution. This effect can be understood by considering the
presence of superoxide radicals (O,7), which result from the
Fe?* promoted reduction of oxygen [21]. A similar behavior of
Fe?* and Fe** salts is explained by Tokumura et al. [22], who
indicate that Fe3* can be reduced to Fe?* using ultraviolet light
(Reaction 9).

Fel(OH)> —™ Fe2* + "OH )
According to this, Fe3* located in the solution is firstly
reduced to Fe?', by Reaction 9, and later oxidized to produce
(Oy) as previously described.
Superficial changes in the carbon sponge
The elemental composition at the CS surface before and after

the OGII degradation process was obtained via EDS (see Figure
4). The results indicate the appearance of iron after the CS-CSP
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Figure 4. EDS analysis of the carbon sponge A) before and B) after
of the OGII degradation.
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system was used to remove the color from the solution (Figure
4B) because part of the iron dissolved in the steel plate is de-
posited onto the carbon sponge. This finding was corroborated
with optical microscopy images (Figure 5) in which reddish
deposits, characteristic of iron compounds, can be observed on
the CS surface.

Generation of free radicals using the CS-CSP
arrangement.

Figure 6 depicts the change in the amount of free radicals during
the degradation of the dye using the CS-CSP system. The free
radicals concentration clearly increases with the contact time
up to 26 x 1078 mol after 60 minutes of treatment. By observing
the oxidizing free radicals formation, there is evidence that the
CS-CSP system can operate as an in situ Fenton process.

Conclusions

The as-obtained results indicate that the CS-CSP system can
efficiently degrade OGII, removing 68% of the color from the
solution when irradiated with ultraviolet light. Cyclic voltam-
metry indicated that the CSP releases iron ions, a phenomenon
that also requires irradiation with ultraviolet light. The effect
of the iron released by the CSP is similar to the use of Fe*"
and Fe3" solutions in the dye because in both cases 23% of

Figure 5. Optical microscopy images of the carbon cathode after
OGII degradation in which aggregates of iron species are depicted
on the surface.
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Figure 6. Evolution of the oxidant free radicals concentration in the
CS-CSP system.
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the color can be removed when brought into contact with the
OGII. The color loss can be related to a reduction in the dye
molecules possibly caused by the electrons generated in the Fe’
desorption process or by the reaction with the Fe?* dissolved in
the solution. The determination of the free radicals generated
in the CS-CSP system and the color removal indicate that the
system could acts as an in situ Fenton process.
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