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Abstract

A new approach for promoting ferric reduction efficiency using a different electrochemical cell and the photoelectro-Fenton process has been
developed. The use of UVA light and electric current as electron donors can efficiently initiate the Fenton reaction. Benzene sulfonic acid (BSA)
was the target compound in this study. The parameters investigated to evaluate the reactor design include the electrode working area, electrode
distance, energy consumption. Furthermore, the study also contains the intermediates and the mineralization efficiency of electrolysis, Fenton,
electro-Fenton and photoelectro-Fenton process.

Oxalic acid, the major intermediate of aromatic compound degradation, can complex with ferric ions. Meanwhile, a double cathode reactor
could increase the current efficiency by 7%, which would translate to greater ferrous production and a higher degradation rate. Although the current
efficiency of an electrode distance 5.5 cm device is 19% higher than 3.0 cm, results show that after 2 h of electrolysis the electronic expense using
an electrode gap of 5.5 cm is much higher than 3.0 cm. The final TOC removal efficiency was 46, 64 and 72% using the Fenton, electro-Fenton

and photoelectron-Fenton processes, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

BSA is used mainly as an intermediate in the manufacture
of azo dyestuffs, pharmaceuticals and tanning agents. Large
amounts of aromatic sulfonated compounds have been produced
as building blocks for the synthesis of dyes and detergents,
and released into the environment as waste during their man-
ufacture and use [1,2]. Aromatic sulfonated compounds are
surface-active and very soluble in water. In contrast to the lin-
ear alkylbenzenesulfonates (LAS), which have been found to be
readily biodegradable, other aromatic sulfonates without long
alkyl side chains are reported to be persistent [3]. Consequently,
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it is difficult to remove them from water and they are transported
from sewers to surface waters.

The Fenton reaction is a widely used and studied catalytic
process based on an electron transfer between HyO» and a metal
acting as a homogeneous catalyst [4]. The reactivity of this sys-
tem was first observed in 1894 by its inventor H. J. H. Fenton,
but its utility was not recognized until the 1930s when a mecha-
nism based on hydroxyl radicals was proposed [5]. The process
may be applied to wastewaters, sludge, and contaminated soils
to reduce toxicity, improve biodegradability, and remove odor
and color [6-8]. During the Fenton process, hydrogen peroxide
is catalyzed by ferrous ion to produce hydroxyl radicals [5].

Fe’t + H,0, — Fe’t +OH™ 4 °*OH (1)

This reaction is propagated from ferrous ion regeneration
mainly by the reduction of the produced ferric species with
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hydrogen peroxide [9],
H,0; + Fe*t — Fe? 4+°*H,0 + HY )

However, in the Fenton chain reactions, the rate constant of
Eq. (1) is between 53 and 76 M~ ! s~! [5,10,11], while that of
Eq. (2) is only 0.01 M~!s~! [9]. This means ferrous ions are
consumed more rapidly than they are produced. This results in
the formation of a large amount of ferric hydroxide sludge during
the neutralization stage of the Fenton process, which requires
additional separation and disposal processes [12].

Recently, an electrochemical application method in the Fen-
ton process, named the electro-Fenton method, has been reported
in studies. These studies can be generally divided into four cat-
egories [6]. In type 1, hydrogen peroxide is externally applied
while a sacrificial iron anode is used as a ferrous ion source
[13-15]. In type 2, ferrous ion and hydrogen peroxide are
electro-generated using a sacrificial anode and an oxygen sparg-
ing cathode, respectively [16]. In type 3, ferrous ion is externally
applied, and hydrogen peroxide is generated by an oxygen sparg-
ing cathode [17,18]. In type 4, Fenton’s regent was utilized to
produce hydroxyl radical in the electrolytic cell, and ferrous ion
was regenerated via the reduction of ferric ion on the cathode
[19-21].

However, the electro-Fenton reaction still faces several obsta-
cles that must be overcome first. The production of H>O» is slow
because oxygen has low solubility in water [22], and the current
efficiency under pH 2.0 conditions is low [6]. This phenomenon
is due to the formation of Fe(OH)3 that is only slightly reduced
to Fe* [12]. Stoichiometric electro-generated Fe?* can be car-
ried out at near neutral pH [23], thus overcoming the need for
acidic conditions, which is a fundamental disadvantage of Fen-
ton reactions in general. However, formation of ferric hydroxide
sludge is still a problem here. The sludge can be electrochemi-
cally reduced to Fe?*, but this requires a step in which the pH is
lowered below 1 [12]. In principle the most promising electro-
Fenton mode is type 4, in which the ferric ion is reduced to
ferrous ion at the cathode. However, Fe2t regeneration is slow
even at an optimal current density.

More potent electro-Fenton methods with UV irradiation
are also being developed for wastewater remediation, so-called
photoelectro-Fenton process [24-27]. The process was irradi-
ated with UVA light under electro-Fenton conditions. The action
of this irradiation is complex and can be described by: (i) the
production of greater amount of hydroxyl radical from pho-
toreduction of Fe(OH)>*, the predominant Fe>* species in acid
medium [6], by Eq. (3) and (ii) the photolysis of complexes of
Fe(III) with generated carboxylic acids, as shown in Eq. (4) [6].

Fe(OH)?* % Fe?+ 4+ *OH 3)
R(CO,) — Fe(IIl) + hv — R(*COy) + Fe(Il) — *R + CO, (4)

Oxalic acid is produced during the oxidation of most organics,
and the fast photodecarboxylation of Fe(III)—oxalate complexes
Fe(C204)", Fe(C204)2~, Fe(C204)3~ favors the decontamina-
tion process [6]. Under these conditions, it is also feasible to
used sunlight as an alternative inexpensive source of UVA light
using the solar photoelectro-Fenton process [24,28].

Therefore, in this study, we employed a novel photoelectro-
Fenton method, in which Fenton’s reagent was utilized to
produce hydroxyl radical in the electrochemical cell and fer-
rous ion was regenerated via the reduction of ferric ion on
the light source and cathode. The parameters investigated to
evaluate the reactor design include the electrode working area,
electrode distance, energy consumption. Furthermore, the study
also contains the intermediates and the mineralization efficiency
of electrolysis, Fenton, electro-Fenton and photoelectro-Fenton
process.

2. Materials and methods
2.1. Chemicals and analytical method

All the reagents used in the experiments were in analyt-
ical quality (Merck). All the preparations and experiments
were realized at the room temperature. The samples taken at
predetermined time intervals were immediately injected into
tubes containing sodium hydroxide solution to quench the
reaction by increasing the pH to 11. The samples were then
filtered with 0.45 pm, and kept for 12h in the refrigerator
before chemical oxygen demand (COD) analysis was con-
ducted. This work has been carried out to correct quantitative
the effect of the concentration of hydrogen peroxide on the COD
value.

COD was determined using a closed-reflux titrimetric method
based on Standard Methods [29]. The Fe?* concentration was
determined though titration with KMnO4. TOC was deter-
mined with an Elementer (Germany)-liquid TOC total organic
carbon analyzer. Organic acids were analyzed using Dionex
DX-120 ion chromatograph with an IonPac® AS 11 anion col-
umn at 30 °C. The eluent concentration was generated by an
RFIC eluent generation system. Technology follows Faraday’s
law ensures the accuracy of each eluent generation cartridge
provided the applied current and eluent floe rate are accu-
rately calibrated. Sample analysis with a RFIC system using
a potassium hydroxide eluent gradient is the ideal choice to
meet the separation and detection requirements of this appli-
cation.

2.2. Experimental apparatus

Fig. 1 shows the schematic experimental setup of this study.
The cylindrical reactor (radius: 6.5 cm and height: 35 cm) was
operated at a constant current mode. The total volume of the
reactor is 3.5liters. The anode used is titanium net coated
with RuO,/IrO, (DSA), and the cathode is made of stainless
steel. Three different cathode geometries were tested. Fig. 1(a)
shows double electrode cell: with a inside diameter 7cm DSA
net as anode, 2cm and 13 cm stainless steel wall as cathode;
Fig. 1(b) shows single electrode cell: with a inside diameter
7cm DSA net as anode and 13 cm stainless steel wall as cath-
ode; Fig. 1(c) shows single electrode cell: with a inside diameter
2 cm DSA net as anode and 13 cm stainless steel wall as cath-
ode.
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Fig. 1. (a—c) Schematic diagram of reaction system.

2.3. Electro-Fenton process

The reaction solution was poured into the system. The
ferrous ion was added after the pH was adjusted to the
desired value. The pH of the solution was not controlled dur-
ing the reaction. In the meantime, hydrogen peroxide was
added to the solution, and the power supply and the UVA
source were turned on to initiate the reaction. The oxida-
tion reaction was stopped instantly by adding NaOH to the
reaction mixtures after sampling. The samples were then
filtered with 0.45 uwm to remove precipitates before analy-
sis.

2.4. Photoelectro-Fenton process

The irradiation source was a set of sixteen 3 W UVA lamps
(Sunbeamtech. com) fixed inside a cylindrical Pyrex tube (allow-
ing wavelengths A >320nm to penetrate). In addition to all
the experimental conditions mentioned above, UV light with
maximum wavelength of 360 nm was irradiated inside the reac-
tor, supplying a photoionization energy input to the solution of
48 W.

3. Results and discussion
3.1. Performance of Fe** generation
The proposed reactions in the electrolytic system are [12]:

On the anode side:

HO — 2HT +1/20, +2e~ 6)
Fe’t — Fe’t +e~ 6)
On the cathode side:

Fe’t +e~ — Fe?t @)

H,O + e — 1/2H, + OH™ ®)

The performance was evaluated by the instantaneous current
efficiency (CE%) of ferrous ion generation, which is defined as
[12]:

CE (%) = (2/) <d§f"'> x 100 9)

where F is Faraday’s constant, Cge represents the concentration
of generated ferrous ion, V'is the volume of the solution, A is the
operating current, and ¢ is the reaction time. Since the current was
kept constant, the amount of Fe>* generated was proportional to
the electrolysis time.

Fig. 2 shows the effect of cathode geometry (Fig. 1(a and
b)) on the ferrous concentration generated, because the prefer-
able reaction (Eq. (7)) occurred on the cathode. According to
our past experience [12], a single working electrode does not
significantly enhance the electro-regeneration of ferrous ion.
For this reason, we developed a double cathode electrolysis cell
(Fig. 1(a)) to increase the working area and to promote current
efficiency. As shown in Egs. (6) and (7), the small working area
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Fig. 2. Effect of cathode geometry on ferrous concentration. The solid line
is the fit of second-order polynomial model (Fe**=1000mg/L; pH; 2.0;
CD,=75.8 A/m*; (W): CD.=71.0A/m?, Fig. 1(a); (O): CD.=81.6A/m?,
Fig. 1(b), CD, and CD. denote the current densities of anode and cathode,
respectively).
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Fig. 3. Effect of cathode geometry on initial current efficiency (Fe>*=
1000mg/L; pH; 2.0; CD,=75.8 A/m?; double cathode reactor: CD. =
71.0 A/m?, Fig. 1(a); single cathode: CD. =81.6 A/m?2, Fig. 1(b)).

on the anode was designed to minimize the oxidation of ferrous
ion and to promote the reduction of ferric ion on the cathode.
At the cathode, Fe3* was electrochemically reduced to Fe2* in
an acidic solution. Simultaneously, H, evolution may occur as
the side reaction which reduces the current efficiency. At the
anode, the oxidation of H>O leads to O, evolution and proton
release. Consequently the ferrous concentration increased with
increases in the cathode working area. Fig. 3 shows the effect of
cathode geometry on initial current efficiency (Fig. 1(a and b)).
The double cathode reactor could increase the current efficiency
by 7%, which would translate to greater ferrous production and
a higher degradation rate of organic compounds in the electro-
Fenton process. A 41% current efficiency was observed using
the double cathode electrochemical cell when CD, =71.0 A/m?
and CD, =75.8 A/m2. The CD,. and CD, denote the current den-
sities of the cathode and anode, respectively. Chou et al. reported
that the initial current efficiency for Fe>* regeneration was 39%
at [Fe**]g = 1000 mg/L, CD, =98 A/m? and CD, =980 A/m? in
the constant current mode [12]. It should be pointed out that the
double cathode electrochemical cell has more potential for the
improvement of the efficiency of electricity utilization.
Meanwhile the ferrous ion is oxidized to ferric ion on the
anode by Eq. (6). Fe** regeneration is controlled either by
the electron transfer between Fe3* and the cathode or by the
mass transfer of Fe3* across the cathode—solution interface. Two
geometries of electrode distance 3.0 and 5.5 cm (Fig. 1(b and c))
were employed to investigate the effect of electrode distance on

Table 1
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Fig. 4. Effect of electrode distance on current efficiency (Fe** =1000mg/L;
pHi 2.0; current = 10 A; single cathode reactor: 3.0 cm, Fig. 1(b); single cathode
reactor: 5.5 cm, Fig. 1(c)).

Fe’* regeneration. Fig. 4 shows the effect of electrode distance
on current efficiency. A 52% current efficiency was observed
in the trial using an electrode gap of 5.5 cm, and approximately
33% was detected in the trial using 3.0 cm. This shows a 19%
increase in current efficiency which shows that long electrode
distance can avoid the oxidation of ferrous ion on the anode.

3.2. Energy consumption with different electrode distances

To simplify the analysis, only electricity was considered. The
energy consumption was calculated for electrode distances of 3.0
and 5.5cm for the electro-Fenton process, respectively, when
1 kg COD needs to be removed. The energy cost for each device
was obtained from Eq. (10).

E tion (kWh/kg COD) = ‘L volage! (10)
Nner: consumption =
&y P & ACODV
. Voltage
Resistance = ———— (11)
Current

where A is the operating current, Voltage is the voltage, V is the
volume of the solution, 7 is the reaction time and ACOD denotes
the experimental COD decay in solution. The experimental
results with regard to COD removal and energy consumption
are shown in Table 1. Although the current efficiency of the
5.5 cm device is 19% higher than 3.0 cm, results show that after

Effect of electrode distance on energy consumption ([BSA]=10mM; [Fe2*]=8 mM; [H203 loverann = 166 mM; pHi 2.0; current=10 A; H,O; feeding time =0, 5, 10,
15, 20, 30, 40, 60, 80, and 100 min; single cathode reactor: 3.0 cm, Fig. 1(b); 5.5 cm, Fig. 1(c))

Contact time (h) Current (A) Voltage (V) Electrode distance (cm) COD removal (%) Energy consumption per kg COD removal (kWh/kg COD)
0.5 9.99 8.1 3.0 50 12.58
1 9.99 7.2 3.0 63 17.60
2 9.99 6.9 3.0 71 28.35
0.5 10.00 19.6 5.5 55 26.59
1 10.00 16.8 5.5 66 38.53
2 9.99 16.5 5.5 74 62.59
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Fig. 5. Effect of different processes on COD removal efficiency ([BSA]
=10mM; [Fe**]=8 mM; [Hy05loveran = 166 mM; pH; 2.0; CD, =75.8 A/m?;
CD.=71.0 A/m?; H,0, feeding time=0, 5, 10, 15, 20, 30, 40, 60, 80, and
100 min).

2 h of electrolysis the electronic expense using an electrode gap
of 5.5 cmis much higher than 3.0 cm. The result suggests that the
electrode distance 3.0 cm device can provide more economical
operation.

This phenomenon is due to Eq. (11). Long electrode distance
will enhance the resistance causing the voltage and electricity
cost to be higher. The results were compared with the results
obtained by Brillas and Casado, when aniline was treated with
Ti/Pt anode and carbon-PTFE cathode [16]. The electro-Fenton
process used by Brillas has a higher energy cost (45 kWhm™3
for 2 h) than this system (39 kWhm™> at 2 h, the data calculated
from 3.0 cm device: Fig. 1(b)).

3.3. Degradation of BSA in different processes

Based on the results of current efficiency and energy con-
sumption, the double cathode device (Fig. 1(a)) should be used
for further oxidation research. Electrolysis, Fenton, electro-
Fenton and photoelectron-Fenton experiments were conducted
to investigate the synergistic effect of combined photo and elec-
trochemical methods. Fig. 5 showed that the electrochemical
method could hardly remove COD from the BSA solution. In
this method, hydroxyl radicals would be produced at the surface
of a high-oxygen overvoltage anode from water oxidation.

H,O — *OH + H" +e” (12)

However, electrolysis did not oxidize with time since the
overvoltage of DSA anode is not enough for amount of *OH
gendered. The same tendency can be finding in the research of
Zhang at al [19].

In the electro-Fenton process, COD was removed rapidly dur-
ing the first 20 min. The final COD removal efficiency achieved
by the electro-Fenton process was nearly 17% higher than that
of the Fenton’s reagent alone. Meanwhile, the photoelectron-
Fenton process achieved a COD removal efficiency that was
14% higher than that of the electro-Fenton process. This indi-

cated that the photoelectro-Fenton method had synergistic effect
for COD removal.

3.4. Effect of different processes on mineralization and
intermediate products

To investigate the synergistic effect of combined irradia-
tion, electrochemical method and Fenton’s reagent, 720 mg/L
TOC of BSA solution was treated with Fenton reagent alone,
the electro-Fenton method alone and the photoelectro-Fenton
method, respectively. Fig. 6 shows that the Fenton process could
only slightly remove TOC from the BSA solution. Further-
more in both the electro-Fenton and the photoelectro-Fenton
processes, TOC was removed faster during the first hour. After
that, only slow changes in TOC were observed because ferric
ion was complexed by oxidation products such as oxalic acid.
The degradation of aromatic compounds often leads to the for-
mation of intermediates such as glyoxylic, maleic, oxalic, acetic
and formic acids [6,30]. Fig. 7 indicates the formation of oxalate
acid and formic acid. Oxalate acid would be reduced from the
electro-Fenton and photoelectro-Fenton processes. As result of
Fig. 7, the ferric complexes would be reduced to ferrous ion
from the photo-reduction and by reduction in the cathode. This
would induce the Fenton chain reaction efficiently.

As shown in Eq. (4), the photo-reactivity of Fe(IIl)-
carboxylate or Fe(IIT)—polycarboxylate complexes usually leads
to decarboxylation of the organic ligand [6,31]. The use of UVA
light and electric current as electron donors can efficiently initi-
ate the Fenton reaction. Oxalic acid, the major intermediate of
aromatic compound degradation, can complex with ferric ions.
These complexes typically have higher molar absorption coeffi-
cients up to 500 nm in the near-UV and visible regions leading
to the generation of ferrous ion [4]. Meanwhile, the ferrous ion
is regenerated via the reduction of ferric ion on the cathode.

The photochemistry of Fe** is advantageous to the Fen-
ton process because the reduced iron can react with HoO; to

0.9+ —{F— Fenton .
o,s_- —C— electro-Fenton i
07 1 —A— photoelectro-Fenton

TOCITOC,

T T ¥ T T T ¥ T 4 T
0 100 200 300 400 500
Time (min)
Fig. 6. Mineralization of BSA with different processes. ([BSA]=10mM;

[Fe**1=8mM; [H,0,]=166mM; pH; 2.0; CD,=75.8 A/m?>; CD.=71.0
A/m?).
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([BSA]=10mM; [Fe**]=8 mM; [H,0,] = 166 mM; pH; 2.0; CD, = 75.8 A/m?;
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produce *HO. The final TOC removal efficiency achieved by
the electro-Fenton method was 64%, nearly 20% higher than
Fenton’s reagent alone. Meanwhile, the final TOC removal effi-
ciency achieved by the photoelectro-Fenton method was 72%.
This indicates that irradiation and electrochemical methods had
a synergistic effect for TOC removal because the photoelectro-
Fenton reaction takes advantage of the photo-reduction of
Fe(Ill)-oxalate complexes [6]. Bolton and coworkers added

oxalate to the reaction solution and observed the photoreduction
of the resulting ferrioxalate complexes, such as

[Fe(C204); 13 L% Fet + 20,02 +*C,05 (13)

and obtained degradation of aromatic and chlorinate aromatic
hydrocarbons [4]. However, photodecomposition of Fe>* com-
plexes produced some short organic acids, which are produced
in the last degradation steps before total conversion to CO; [32].
This is especially relevant with regard to the oxalic acid miner-
alization. The ferric complexes would be reduced to ferrous ion
from the photo-reduction and by reduction in the cathode. This
would induce the Fenton chain reaction efficiently.

4. Conclusion

The effect of electrode geometry and different oxidation
methods were investigated to evaluate reactor design and miner-
alization efficiency. The double cathode reactor could increase
the working area and enhance the current efficiency by 7%,
which would translate to greater ferrous production and a higher
degradation rate of organic compounds in the electro-Fenton
process. It should be pointed out that the double cathode elec-
trochemical cell has more potential for the improvement of
the efficiency of electricity utilization. The result also sug-
gests that the electrode distance 3.0cm device can provide
more economical operation. The final COD removal efficiency
achieved by the electro-Fenton process was 17% higher than that
using the Fenton’s reagent alone. Meanwhile, the photoelectro-
Fenton process achieved a COD removal efficiency that was
14% higher than that of the electro-Fenton process. The same
tendency was shown in the TOC removal. This indicates that
the photoelectro-Fenton method had a synergistic effect for
mineralization. Oxalic acid, the major intermediate of aromatic
compound degradation, can complex with ferric ions. The ferric
complexes would be reduced to ferrous ion from photo-reduction
and by reduction in the cathode. This would induce the Fenton
chain reaction efficiently.
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