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a b s t r a c t

In this study, two electrochemical oxidation processes were utilized to mineralize oxalic acid which
was a major intermediate compound in the oxidation of phenols and other aromatic compounds. The
anode rod and cathode net were made of a titanium coated with RuO2/IrO2 (Ti-DSA) and stainless steel
(S.S. net, SUS304), respectively. First, the Fered-Fenton process, which used H2O2 and Fe2+ as additive
reagents, achieved 85% of TOC removal. It proceeded with ligand-to-metal charge-transfer (LMCT), which
was evidenced by the accumulation of metallic foil on the selected cathode. However, in the absence
eywords:
ered-Fenton
ypochlorite
lectrolysis
hlorine Chemistry

of H2O2/Fe2+, it showed a higher TOC removal efficiency while using Cl− only as an additive reagent
due to the formation of hypochlorite on the anode. It was also found that the mineralization of oxalic
acid by electrolysis generated hypochlorite better than the dosage of commercial hypochlorite without
electricity. Also, pH value was a major factor that affected the mineralization efficiency of the oxalic
acid due to the chlorine chemistry. 99% TOC removal could be obtained by Cl− electrolysis in an acidic

environment.

. Introduction

Oxalate is the major intermediate in advanced oxidation pro-
esses (AOPs) used to treat organic contaminated waters [1–7].
arious AOPs were used to degrade citric acid wastewater in our
revious study [8]. The derivation of oxalate in the COD residue
eached 50–70%. Normally, oxalate exists in natural water due to
ncomplete combustion, oxidation decomposition of ozone, and
hoto-oxidation of hydrocarbon, and can be decomposed by UV
ays in sunshine as the ferric ions precipitate. Therefore, the degra-
ation of ferric-oxalate complexes formed from Fenton reactions
hrough photo-treatment have been usually executed as follows
9–13]:

Fe(C2O4)n
(3−2n) + hv → 2Fe2+ + (2n − 1) C2O4

2− + 2CO2

The oxalic acid contents of the discharged water decrease
xygen dissolution and become a secondary pollutant after AOP
reatment. Photocatalytic, ultrasonic, and biochemical methods for
estroying oxalic acid have all been studied [14–16]. However, the
eagent cost, energy consumption, and treating periods all limit the
fficiency of degradation [17].
In previous studies, an efficient electro-Fenton reactor was
esigned for treating benzene sulfonic acid (BSA) [18]. This novel
enton process, called the Fered-Fenton method, was then used
o mineralize oxalic acid. The effects of cathode material on TOC

∗ Corresponding author. Tel.: +886 6 275 7575x62636; fax: +886 6 234 4496.
E-mail address: yhhuang@mail.ncku.edu.tw (Y.-H. Huang).
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and COD removal have been investigated [19]. The results showed
that 95% TOC could be successfully mineralized through an electro-
chemical oxidation process using FeCl3 as a ferric source. However,
the drawback of this process is that it produces a significant amount
of ferric hydroxide sludge that needs further separation and dis-
posal.

In this study, we applied RuO2/IrO2 (Ti-DSA) and stainless steel
(S.S. net, SUS304) as electrodes, and tried to elucidate the mecha-
nism of the Fered-Fenton process by observing the Fe2+ reduction
on the anode. Furthermore, in order to reduce the chemical sludge
and high operation cost of the Fered-Fenton process, several chem-
ical reagents, such as Fe2(SO4)3, NaCl, and Na2SO4, were added to
the electrolysis system instead of H2O2 and Fe2+. We also attempted
to clarify the solution variables that affected the oxalic acid min-
eralization, including chloride concentration, applied current and
initial pH.

2. Materials and methods

The source of the raw oxalic acid solution was artificially pre-
pared in distilled water. Chemical agents used in this study, such as
Fe2(SO4)3·xH2O, FeCl3·6H2O, FeCl2·4H2O, NaCl, HClO, and Na2SO4,
were all analytical grade.

Batch electrolysis was carried out in a rectangular reactor

(12 cm-L × 12 cm-W × 30 cm-H) which was adjusted at a constant
current mode. The schematic apparatus is shown in Fig. 1. The cylin-
drical anode and cathode nets were made of titanium coated with
RuO2/IrO2 (Ti-DSA, 1.3 cm-�, 30 cm-H) and stainless steel (S.S. net,
SUS304, 5 cm-�, 30 cm-H), respectively. The solution in the elec-

dx.doi.org/10.1016/j.jhazmat.2011.01.091
http://www.sciencedirect.com/science/journal/03043894
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ously reduces Fe2+. Therefore, Fe0 metallic foil accumulated on the
cathode, as the two CO2 molecules were released.

To rationalize this hypothesis, the amounts of ferrous ions and
iron were monitored during the electrolysis process. As shown in
Fig. 1. Schematic apparatus of the electrochemical reactor.

rolytic cell was mixed by cycling 9 L/min. The given concentration
f oxalic acid, ferric ions, and NaCl, were added to the reactor, in
hich the total solution volume was 3.5 L, and then the pH was

djusted to the desired value. As the power was turned on, the
H, ORP, temperature, and conductivity were conditioned. Solu-
ion was sampled for each specific period, and measured for Total
rganic Carbon (TOC) and Ion Chromatography (IC). The sample
as pretreated with phosphoric acid to remove inorganic carbon.

OC removal (%) was defined as follows:

OCr = TOC0 − TOCt

TOC0
× 100%

here 0 and t indicate the sampled solution initially and at time t,
espectively. Concentration of oxalic acid was measured by an ion-
hromatography system consisting of an automatic sample injector
100 �L injection volume).

. Results and discussions

.1. Comparison of traditional Fenton and Fered-Fenton processes

In the first 60 min, the traditional Fenton process was carried
ut to treat 10 mM of oxalic acid where the pH was conditioned to
he appropriate value. Then Fered-Fenton processes followed for

he rest of 60 min. The theoretical dosage of H2O2 was 340 mg/L,
nd FeCl2 as the ferrous source was 5 mM during the Fenton stage.
he current applied during the electrolysis stage was set at 20 A.
uring the two stages, as shown in Fig. 2, only 20% of the TOC was

emoved by the traditional Fenton process. However, electrolysis
Fig. 2. Comparison between the traditional Fenton and Fered-Fenton processes
[oxalic acid]: 10 mM; [FeCl2]: 5 mM; [H2O2]: 340 mg/L; anode: Ti-DSA net; cathode:
S.S. net; volume: 3.5 L; fixed current: 20 A.

process removed about 85% of the TOC, when the initial pH value
was either 4 or 7.

3.2. Ligand-to-metal charge-transfer (LMCT) on the cathode

After the electrolysis stage, the cathode would be coated with a
silver gray metallic foil, as shown in Fig. 3. Balmer and Sulzberger
proposed an iron cycling mechanism with oxalate through the
photo-Fenton system [20]. Fe (III)-oxalate complexes would be
excited into a charge-transfer state by ligand-to-metal charge-
transfer (LMCT). Fe (II) and C2O4

− were then generated. Finally
the C2O4

− reacted with the oxygen to create 2CO2 and O2
−. In the

present study, the exciting energy of the Fe (III)-oxalate complexes
was supposed come from electricity. The LMCT was also believed
to work on the cathode.

The oxalic acid, which formed complexes with ferric ions,
Fe(C2O4)+, were adsorbed on the cathode. The applied electric cur-
rent then transferred the electron from C2O4

2− and caused the
reduction of Fe3+ to Fe2+. C2O4

2− ions, therefore, decomposed into
CO2 and CO2

−. The latter is a strong reductive radical [21], which
attacks Fe2+. The electron generated from the cathode simultane-
Fig. 3. Metallic foil coated on the stainless steel net after the electrolysis stage.
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that 95% of the 20 mM oxalic acid was successfully mineralized in
one hour with 90 mM NaCl by electrolysis oxidation in the absence
of iron and H2O2. As shown in Fig. 6 curve (b), the removal of 2 mM
oxalic acid also reached 94% in 30 min using 10 mM NaCl.
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ig. 4. The amounts of ferrous ions and iron as a function of the reaction period of
he electrolysis process. [Fe3+]: FeCl3 30 mM; [Ox]: 20 mM; anode: Ti-DSA; cathode:
tainless steel net; volume: 3.5 L; fixed current: 20 A; pH = 3.

ig. 4, initially, Fe3+ reduction using electricity led to an increase
n the amount of ferrous ions, while the total amount of iron (the
ummation of Fe2+ and Fe3+) decreased. After reaching the max-
mum value, the ferrous ions decreased and almost disappeared
ver 120 min. Meanwhile the total amount of iron showed a simi-
ar tendency, and coincidently also disappeared during the 120 min.
t is logical to conclude, therefore, that the reduction of Fe3+ to the
e0 coating on the cathode material indeed occurred during the
lectrolysis of the oxalic acid.

.3. Effects of additive species in electrolysis process

Oxalic acid is a major byproduct of using AOPs to treat organic
ollutants. Bossmann et al. found that oxalic acid was mainly pro-
uced from the degradation of 2,4-dimethylaniline (2,4-xylidine)
sing the H2O2/UV method, and its further oxidation was not
bserved [11]. In our previous studies, we thought the derivation
f oxalic acid occurred due to an over dosage of H2O2 when using
ered-Fenton technology to treat azo dye reactive-Black B (RBB,
OD = 4800 mg/L) [19]. Therefore, the TOC removal of oxalic acid in
he presence of various species was used to examine whether the
lectrolysis oxidized process worked in the absence of H2O2.

Since the ferrous source used in the Fered-Fenton process in
revious section was FeCl2, three compounds, Fe2(SO4)3, NaCl, and
a2SO4, were added separately to the reaction solution. As shown

n Fig. 5, the presence Na2SO4 of and Fe2(SO4)3, as well as a blank
est (direct electrolysis), did not reduce TOC significantly during the
eaction periods, while the presence of NaCl only led to about 95%
f oxalic acid mineralization during the electrolysis process.

Subramanyan et al. proposed a mechanism to explain the
xodization of As (III) to As (V) using in situ generated hypochlorite
22]. The derivation of oxidant, ClO−, follows the equations listed
elow:

Cl− → Cl2 + 2e−

H2O + 2e− → H2 + 2OH−

l− + H2O → HOCl + H+ + 2e−
OCl → OCl−• + H+

+ + OH− → H2O
Fig. 5. Effect of additive species in the electrolysis oxidized process on TOC removal
of oxalic acid. [Ox]: 10 mM; [Fe2(SO4)3]: 2.5 mM; [NaCl]: 15 mM; [Na2SO4]: 0.1 M;
anode: Ti-DSA net; cathode: stainless steel net; volume: 3.5 L; fixed current: 20 A;
pH = 3.

The chloride ions were converted to chlorine on the anodic sur-
face, while the water was ionized on the cathode to create hydroxyl
ions and hydrogen. In the bulk solution, the liberated chlorine
reacts with the water to produce hypochlorous acid. The generated
hypochlorous acid was further dissociated to create hypochlorite
and hydrogen ions. The hydroxyl ions reacted with the hydrogen
ions to form water molecules. Depending on the pH, chlorine forms
various chlorine species (Cl2, HOCl and ClO−) in the reactor [23,24].
Therefore, such an efficient electrolysis reaction in the presence of
Cl− only can be re-defined as the simple oxidization of oxalic acid
by in situ generated hypochlorite or chlorine.

3.4. Effects of chloride ion concentrations and applied current

Conventionally, the oxalic acid was degraded via bio-treatment.
However, the efficiency of the bacterium significantly decreased
when treating trace amounts of oxalic acid, even to attain the stan-
dard content in drinking water. In this study, Fig. 6, curve (a) shows
0 100 200 30050 150 250

Time, min

Fig. 6. The mineralization of oxalic acid in the presence of NaCl. (a) [Ox]: 20 mM;
[NaCl]: 90 mM and (b) [Ox]: 2 mM; [NaCl]: 10 mM; anode: stainless steel net; vol-
ume: 3.5 L; fixed current: 20 A; pH = 3.
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of the non-soluble Ti-DSA anode net provided not only electricity,
ig. 7. Effect of the concentration of Cl− on TOC removal. [Ox]: 2 mM; [NaCl]:
–100 mM; anode: Ti-DSA net; cathode: stainless steel net; volume: 3.5 L; fixed
urrent: 20 A; pH = 3.

The effects of the Cl− concentration and current applied to
he mineralization of oxalic acid were discussed in Figs. 7 and 8.
bviously, the TOC removal would depend on both the Cl− con-
entration and strength of the current applied. TOC removal could
ave about a 95% maximum value if 100 mM Cl− and a 20 A current
ere adopted. However, for industrial use, the optimum conditions

or oxalic acid treatment should consider cost and energy consump-
ion. The observed rate constants were calculated as shown in Fig. 9,
n which the kobs presents a linear relation with both parameters.
he kobs is used to criticize the parameter efficiency, therefore, the
uggested the Cl− dosage and energy applied in this study could
alidly attain maximum oxalic acid removal.

.5. The effect of initial pH values

According to chlorine′s chemistry, the various species Cl− of
hlorine (HOCl, ClO−, Cl2, etc.) formed in the solution is pH depen-
ent [25]. The effect of the initial pH value was used to clarify
he electrolysis efficiency of Cl− in acidic and basic environments,
s shown in Fig. 10. Lower pH values lead to the higher TOC

emoval. Typically, in the pH range 6–9, hypochlorous acid and
ypochlorite were the main chlorine species. Cl2 and other chlo-
ine intermediates (including Cl3−, Cl2O) dominate at pH levels
elow 4. Therefore, the electrolysis generated hypochlorite might
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ig. 8. Effect of current intensity on TOC removal. [Ox]: 2 mM; [NaCl]: 0.1 M; anode:
i-DSA net; cathode: stainless steel net; volume: 3.5 L; fixed current: 0–20 A; pH = 3.
Current, A

Fig. 9. Calculated kobs of various Cl− concentrations and current intensities.

be transformed to Cl2, which has a greater oxidation ability, to
further enhance the mineralization of oxalic acid in an acidic envi-
ronment. Almost 99% of the TOC was removed when the initial pH
was adjusted to 1.

3.6. The effects of the commercial and the electro-generated
hypochlorite

The theoretical quantity of HClO produced from Cl− electrolysis
in 40 min was 17.7 mM. Fig. 11 compares the abilities of commer-
cial and electro-generated hypochlorite for TOC and IC removal,
and both initial concentrations were adjusted to a given value.
In the (a) curve, about 60% of oxalic acid dosed with 10 mM was
degraded by commercial HClO in 40 min without electricity, while
the degradation in the (b) curve reached 98% in one hour utiliz-
ing electro-generated hypochlorite. The ability of Cl− electrolysis to
oxidize oxalic acid is greater than that of HClO without electricity.
Normally, the oxalic acid mineralized by ClO− would proceed with
a metastable reaction stage to CO2. The excellent oxidation power
but also attacked these metastable compounds.
Furthermore, in these curves, tendencies as functions of reac-

tion time of TOC and IC removal were almost identical. This reveals
that the mineralization of oxalic acid by hypochlorite decom-
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ig. 11. TOC and IC analysis of oxalic acid in the presence of NaCl and commercial
ypochlorite. (a) [Ox]: 10 mM; [HClO]: 17.7 mM; without electricity; pH = 1.5; vol-
me: 3.5 L and (b) [Ox]: 10 mM; [NaCl]: 0.1 M; anode: Ti-DSA net; cathode: S.S. net;
olume: 3.5 L; fixed current: 5 A; pH = 3.

osed to CO2 directly and did not leave the stable intermediates in
olution.

. Conclusions

In this study, oxalic acid efficiently mineralized in the Fered-
enton H2O2/Fe2+ process was attributed to the ligand-to-metal
harge-transfer (LMCT) mechanism. This was evidenced by the
etallic Fe foil forming on the cathode after the Fered-Fenton pro-

ess. However, the additives, Fe2(SO4)3, NaCl, and Na2SO4, were
hen used to examine whether the mineralization occurred in the
bsence of H2O2/Fe2+. It was found that the electrolysis only gen-
rated HClO in the presence of Cl− and could mineralize the oxalic
cid directly. Moreover, the acidic environment enhanced the TOC
emoval due to the chlorine chemistry. The observed rate con-
tant of the given range of Cl− concentrations and applied currents
howed that excellent TOC removal efficiency could be achieved
ith a Cl− electrolysis system. Finally, the hypochlorite generated

y the Cl− electrolysis showed a higher TOC removal rate than that
ithout electricity. This suggested that the oxalic acid was miner-

lized not only by the hypochlorite but also by the good oxidation
ower of the selected anode, Ti-DSA net.

The successful oxalic acid mineralization, which could reduce
he cost of chemical reagent and byproduct sludge disposal simul-
aneously, has been evidenced though the use of Cl− electrolysis
s a replacement for the Fered-Fenton H2O2/Fe2+ process. How-
ver, for discussing how the mineralization occurred, more precise

OC detection on electrode through a newly designed membrane is
eing studied. On the other hand, the feasibility of Cl− electrolysis
or treating the other 30–50% of COD residue from the AOP process,
uch as succinic acid, muconic acid, tartaric acid, and malonic acid
26], will be also discussed in the future.
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