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a b s t r a c t

Oxidation of 2,6-dimethylaniline by electro-Fenton process in acidic solution at pH 2 was investigated.
The effects of pH, Fe2+, H2O2 and current density were assessed to determine the optimum operat-
ing parameters. The oxidation efficiency of 2,6-dimethylaniline was determined by the reduction of
2,6-dimethylaniline, COD and TOC in the solutions. Results reveal that 1 mM of 2,6-dimethylaniline

2+
eywords:
,6-Dimethylaniline
lectro-Fenton process
enton process
ydroxyl radicals

can be completely degraded in 4 h with 1 mM of Fe and 20 mM of H2O2 and current density of
15.89 A m−2 at pH 2. The highest COD and TOC removal were observed when 120 mM of hydrogen per-
oxide was applied. Consequently, the electro-Fenton process is a reliable alternative in the degradation
of 2,6-dimethylaniline. 2,6-dimethylphenol, 2,6-dimethylnitrobenzene, 2,6-dimethylbenzoquinone, 3-
hexanone, lactic acid, oxalic acid, acetic acid, maleic acid and formic acid were detected during the
degradation of 1 mM of 2,6-dimethylaniline solution by electro-Fenton method. A reaction pathway that

s prop
includes these products i

. Introduction

Advanced oxidation processes (AOPs) are commonly used pro-
esses for industrial effluent treatment when the contaminants are
ifficult to remove by the biological processes [1–2]. AOPs involve
he generation of hydroxyl radicals (•OH), a strong oxidant with E0

f 2.8 V, that can be used for the complete mineralization of many
ollutants [3,4]. One of the AOPs is the Fenton process which uses
ydrogen peroxide and ferrous ions to generate hydroxyl radicals
hat are able to efficiently degrade many kinds of pollutants into
armless compounds [5,6]. Fenton’s reaction can be explained by
he series of reactions below:

e2+ + H2O2 → •OH + OH− + Fe3+ (1)

e2+ + •OH → Fe3+ + OH− (2)

OH + organics → products (3)

OH + H2O2 → H2O + HO2
• (4)

e3+ + H O ↔ FeOOH2+ + H+ (5)
2 2

eOOH2+ → HO2
• + Fe2+ (6)

O2
• + Fe2+ → HO2

− + Fe3+ (7)

∗ Corresponding author. Tel.: +886 6 2660489; fax: +886 6 2663411.
E-mail address: mmclu@mail.chna.edu.tw (M.-C. Lu).
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osed for 2,6-dimethylaniline degradation.
© 2009 Elsevier B.V. All rights reserved.

HO2
• + Fe3+ → O2 + Fe2+ + H+ (8)

The major advantage of the Fenton process is the complete
destruction of contaminants to carbon dioxide, water and inor-
ganic salts [7]. Fenton’s reagent (Fe2+ and H2O2) is commonly
available, not difficult to operate and inexpensive. In addition,
there is no need for special equipment like complex reaction ves-
sels or ozone generators [8,9]. However, its application is limited
due to the generation of ferric hydroxide sludge that requires
additional separation processes and disposal [10,11]. Therefore,
electro-Fenton process is developed to eliminate or minimize the
disadvantages of the conventional Fenton process. The electrical
current induced the reduction of ferric hydroxide sludge to form
ferrous ions on the cathode side as shown in Eq. (9). Hence, it
reduces the sludge disposal cost which is one of the major draw-
backs of Fenton process and also enhances the degradation rate of
target compounds[12,13].
2,6-Dimethylaniline is a widely used chemical for the manu-
facture of pesticides, dyestuffs, antioxidants, pharmaceuticals and
other products [14]. However, it is toxic and carcinogenic [15].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mmclu@mail.chna.edu.tw
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Fig. 2. 2,6-Dimethylaniline and TOC removal efficiency in various AOPs pro-
cesses. When (©) = 2,6-dimethylaniline removal by electro-Fenton, (�) = TOC
removal by electro-Fenton process, (�) = 2,6-dimethylaniline removal by Fenton
process, (�) = TOC removal by Fenton process, (�) = 2,6-dimethylaniline removal
Fig. 1. The electro-Fenton reactor: C = cathode and A = anode.

hese hazardous properties of 2,6-dimethylaniline necessitates the
reatment of contaminated wastewater to prevent any deleteri-
us effect to the environment. In this study, the effects of initial
H, ferrous ion concentration, hydrogen peroxide concentration
nd current density on the degradation of 2,6-dimethylaniline by
lectro-Fenton process were investigated. In addition, the degra-
ation pathway of 2,6-dimethylaniline has been proposed.

. Materials and methods

.1. Chemicals and analytical method

All chemicals were prepared using de-ionized water from a Mil-
ipore system with a resistivity of 18.2 M� cm. 2,6-Dimethylaniline
>98%), perchloric acid (70–72%), ferrous sulfate (99.5–102%)
nd hydrogen peroxide (35–36.5%) were purchased from the
ERCK company. COD was measured using closed-reflux titri-
etric method based on the Standard methods (APHA). TOC was

etermined using an Elementar-liquid TOC (Germany) total organic
arbon analyzer with high temperature combustion method. 2.6-
imethylaniline was analyzed by a gas chromatograph (HP 4890II)
quipped with flame ionization detector (FID) and a SUPELCO
quityTM-5 Capillary Column (length: 15m; id: 0.15 �m). Anions
oxalate, citric acid, formic acid, acetic acid) were determined
y the Ion Chromatograph (Dionex DX-120) equipped with RFC-
0 EGCII (KOH), IonPac®AG11 guard column (4 mm × 50 mm),
onPac®AS11 analytical column (4 mm × 250 mm), ASRS®-ULTRA
I (4 mm) suppressor and conductivity detector. Other intermedi-
tes were examined by the GC–MS (Agilent 6890) with DB-5MS
apillary column (30 mm × 0.25 mm i.d., 0.25 lm film, from J&W,
SA).

.2. Electro-Fenton reactor

The electro-Fenton reactor used in this study is presented in
ig. 1. This study was carried out using an acrylic reactor of
5 cm × 21 cm × 20 cm with a working volume of 5 L. The anodes
nd cathodes used were mesh-type titanium metal coated with
rO2/RuO2 and stainless steel, respectively. The working area on
he cathode and anode were 900 and 600 cm2, respectively. The
lectrodes were connected to a Topward 33010D power supply
perated at the desired electric currents. In addition, two mixers
ere equipped to ensure appropriate agitation.

.3. Electro-Fenton process
Firstly, synthetic wastewater containing 1 mM of 2,6-
imethylaniline was prepared in the reactor and agitated by
wo mixers. Then, the predetermined pH (1–4) was adjusted
sing perchloric acid. Afterwards, a calculated amount of catalytic
by electrolysis and (�) = TOC removal by electrolysis (electrolysis: I = 1.43 A, pH
2; Fenton process: [Fe2+] = 1 mM, [H2O2] = 20 mM, pH 2; electro-Fenton process:
[H2O2] = 20 mM, [Fe2+] = 1 mM, I = 1.43 A, pH 2. All systems were using [2,6-
dimethylaniline] = 1 mM).

ferrous sulfate (0.25–2.5 mM) was added as the source of Fe2+ in
this experiment. The desired amount of H2O2 (5–150 mM) was
then added into the reactor and the predetermined current density
(5.56–66.67 A m−2) or electrical current (0.5–6 A) was delivered
through the experimental period. At selected time intervals, 1 mL
of reaction mixture was taken and immediately injected into
0.1 N of NaOH to increase the pH to terminate the reaction [16].
The samples were filtered through 0.45 �m membrane filters to
remove precipitates before analysis [17].

3. Results and discussion

3.1. 2,6-Dimethylaniline removal by different processes

To verify the effect of the electro-Fenton method, the control
experiments were carried out for comparison. The degradation of
2,6-dimethylaniline at pH 2 by electrolysis, Fenton and electro-
Fenton processes are shown in Fig. 2. Results indicate that the
electrochemical method cannot remove 2,6-dimethylaniline effi-
ciently; it is only 18% after 4 h of reaction. The same tendency can
be found in the studies of Brillas et al. and Ting et al. [17,18]. Fenton
process has higher degradation efficiency than the electrochem-
ical method. The removal efficiency by Fenton process was 61%
when using 1 mM of ferrous ion and 20 mM of hydrogen peroxide.
This indicates that the destruction of 2,6-dimethylaniline is notably
accelerated in the presence of ferrous ion and hydrogen peroxide
only.

At the same conditions, however, 100% of removal efficiency was
achieved by the electro-Fenton process. This could be ascribed to
two different effects. Firstly, there was an increase in the ferrous ion
concentration in the reactor due to the effect of the electric current
on the regeneration of ferrous ion from ferric ion, which causes
an increase in the rate of reaction (1) which then enhances the
rate of reaction of 2,6-dimethylaniline with the hydroxyl radicals.
Secondly, the increase of 2,6-dimethylaniline degradation was due

to the effect of Fenton’s reaction in the solution [16].

The effect of different processes on mineralization of 2,6-
dimethyaniline was also investigated as shown in Fig. 2. The results
follow the same trend as 2,6-dimethylaniline degradation. The elec-
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Table 1
Effect of initial pH on 2,6-dimethylaniline removal, COD removal and initial degradation rate at the different initial pH ([2,6-dimethylaniline] = 1 mM, [H2O2] = 20 mM,
Fe2+ = 1 mM, I = 1.43 A).

pHinitial pHfinal 2,6-DMA removal (%) COD removal (%) Initial degradation rate (mM min−1)

1 0.94 61.88 18.03 0.0157
1.5 1.38 79.20 25.93 0.0373
2 1.89 100.0 35.71 0.0468
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2.5 2.46 82.19
3 2.79 79.57
3.5 3.25 73.86
4 3.56 70.76

rochemical method can remove only 15% TOC, while 36% of the
OC removal was found in the Fenton process. In the electro-
enton process, 45% of the TOC was removed in 4 h. The final
OC removal by the electro-Fenton process was 10% higher than
he conventional Fenton process. This indicates that the electro-
enton process has a higher TOC removal efficiency. By Fenton
nd electro-Fenton processes, TOC removal was fast during the
rst 20 min, afterwards, the TOC removal was slowly decreased.
his can be attributed to the depletion of ferrous ions in the solu-
ion. This information is similar to the electro-Fenton experiment
hat treated 4-nitrophenol [19]. Hydroxyl radicals produced from
enton’s reaction are the main species destroying aromatic prod-
cts more rapidly, making the Fenton and electro-Fenton processes
uch more efficient than electrolysis. Consequently, electro-

enton process was selected for degrading 2,6-dimethylaniline in
his study.

.2. Degradation of 2,6-dimethylaniline by electro-Fenton process

.2.1. Effect of initial pH
It is well known that Fenton’s reaction occur at low pH val-

es. Normally, the Fenton reaction has the highest efficiency when
he pH is around 2–4 [20]. To clarify the effect of pH, the 2,6-
imethylaniline solutions with initial pH of 1.0, 1.5, 2.0, 2.5, 3.0,
.5 and 4.0 is investigated and the results are listed in Table 1. As
een from Table 1, the best 2,6-dimethylaniline removal efficiency
100%) and COD removal efficiency (36%) was observed at initial pH
. The low 2,6-dimethylaniline and COD removal efficiencies were
bserved at the initial pH lower than 2. For initial pH 1.0 and 1.5,
,6-dimethylaniline removal efficiencies were 62% and 79%, and

he COD removal efficiencies were 18% and 26%, respectively.

For the tests at initial pH higher than 2, the 2,6-dimethylaniline
nd COD removal efficiencies decreased. The mineralization of
,6-dimethylaniline can also be monitored by measuring the total
rganic carbon reduction during electro-Fenton reaction. TOC anal-

able 2
ffect of initial hydrogen peroxide and ferrous ion concentration on 2,6-dimethylanil
imethylaniline and COD removal ([2,6-dimethylaniline] = 1 mM, I = 1.43 A, pH 2).

H2O2 (mM) Fe2+ (mM) [H2O2] [Fe2+] 2,6-DMA removal (%) C

5 1 5 88.90 2
20 1 20 100.0 3
40 1 40 100.0 3
60 1 60 100.0 3

100 1 100 100.0 4
120 1 120 100.0 4
150 1 150 100.0 4

20 0.10 200 60.15 1
20 0.25 80 86.71 2
20 0.50 40 94.03 3
20 1.50 13.33 100.0 3
20 2.00 10 100.0 3
20 2.50 8 98.50 3
25.02 0.0448
22.86 0.0351
29.00 0.0332
21.62 0.0265

ysis was performed in order to know the amount of organic
compounds that were depleted to carbon dioxide during the chem-
ical oxidation [21]. The highest TOC removal by electro-Fenton
process was around 45% at pH 2. The decrease of TOC can be
attributed to the mineralization of 2,6-dimethylaniline by hydroxyl
radicals from Fenton’s reaction and from electrochemically gener-
ated ferrous ions from ferric ions via Eq. (9).

The initial degradation rate of 2,6-dimethylaniline at differ-
ent initial pHs was also determined in this study. The highest
initial rate (0.0468 mM min−1) was achieved at pH 2. The ini-
tial rates are 0.0157, 0.0373, 0.0468, 0.0448, 0.0351, 0.0332 and
0.0265 mM min−1 when the initial pH was adjusted from 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0, respectively (as shown in Table 1). This phe-
nomenon follows the same trend as 2,6-dimethylaniline removal,
COD and TOC removal.

The decrease in 2,6-dimethylaniline degradation at low pH is
probably due to the formation of Fe(OH)+. Fe(OH)+ formed at low
pH and can compete with ferrous ion to react with hydrogen perox-
ide. However, Fe(OH)+ reacts more slowly with hydrogen peroxide,
therefore, produces less hydroxyl radicals. This reduces the degra-
dation efficiency. In addition, the scavenging effect of hydroxyl
radicals by hydrogen ions becomes significant at very low pH and
also the reaction of Fe3+ with hydrogen peroxide is inhibited [22].
On the contrary, ferrous ions are unstable at pH > 4.0 and they
easily form ferric ions (Eqs. (2) and (7)), which have a tendency
to produce ferric hydroxo complexes or ferric oxyhydroxides as
shown in Eq. (5) [23]. At higher pH, the oxidation efficiency of Fen-
ton’s reagent may decrease because ferric ions could form Fe(OH)3,
which has a low activity and will not react with hydrogen peroxide.
The ferric ions in the solution that can react with hydrogen peroxide

are reduced via Eq. (5) with the rate constant 0.001–0.01 M−1 s−1

(7). Hydrogen peroxide is also unstable in basic solution and may
decompose to give oxygen and water and lose its oxidation ability.
Thus, hydrogen peroxide and ferrous ions have a difficulty in estab-
lishing an effective redox system and their degradation is also less

ine removal, COD removal, initial degradation rate and H2O2 efficiency of 2,6-

OD removal (%) Initial rate (mM min−1) H2O2 efficiency (�)

2,6-DMA (%) COD (%)

8.00 0.0275 63.42 137.7
5.71 0.0468 17.82 85.43
7.14 0.0559 8.91 31.97
7.16 0.0563 5.94 18.85
0.00 0.0572 3.56 17.62
2.57 0.0602 2.95 16.72
1.54 0.0589 2.22 9.04
8.21 0.0243 10.86 14.80
3.08 0.0313 15.45 30.30
0.00 0.0464 16.76 41.65
6.54 0.0482 17.32 71.61
8.23 0.0521 17.31 68.74
7.00 0.051 16.66 61.37
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ffective [24]. Hence, the optimum initial pH for this study should
e 2.

.2.2. Effect of hydrogen peroxide concentration
Hydrogen peroxide plays the role of an oxidizing agent in the

enton reaction. Usually it has been observed that the percent-
ge degradation of the pollutant increases with an increase in
he concentration of hydrogen peroxide [22,25]. Increasing in the
nitial H2O2 concentration from 5 to 120 mM could promote the
,6-dimethylaniline and COD removal efficiencies as illustrated in
able 2. The complete removal of 2,6-dimethylaniline was achieved
hen using an initial H2O2 concentration of 20–150 mM. The same

rend was found for the COD removal. The COD removal increased
rom 28% to 42.57% as hydrogen peroxide dosage was increased
rom 5 to 120 mM. However, further increase to 150 mM showed

decrease in 2,6-dimethylaniline and COD removal efficiencies.
his could be explained by the series of reaction mechanisms that
ight occur during the Fenton’s reaction (5). Based on the Fen-

on’s reactions, an increase in initial H2O2 concentration would also
ncrease the production of hydroxyl radicals that could react with
he organics in the solution via Eq. (3). Although, the 100% degra-
ation of 2,6-dimethylaniline was achieved at 20 mM of H2O2, the
OD removal was still low. This is probably due to the production
f intermediates that are not as oxidizable as 2,6-dimethylaniline.
ncreasing the initial H2O2 concentration also increases the COD
emoval efficiency due to the formation of more hydroxyl radicals
hat could oxidize the by products of 2,6-dimethylaniline degrada-
ion.

The initial degradation rate of 2,6-dimethylaniline and the H2O2
fficiency of 2,6-dimethylaniline and COD removal were also inves-
igated in this study. As seen from Table 2, the initial degradation
ate followed the same trend as that of the COD removal effi-
iency, i.e. the initial degradation rate increased from 0.0275 to
.0602 mM min−1 as the H2O2 concentration was increased from 5
o 120 mM but decreased to 0.0589 mM min−1 when H2O2 concen-
ration was further increased to 150 mM. This increase in initial
egradation rate was due to the presence of higher concentra-
ion of H2O2 forming non-hydroxyl radicals and hydroxyl radicals
hen reacted with Fe2+. The higher •OH concentration increases

he degradation rate since there are more available •OH to react
ith the organics in the solution. However, a high H2O2 concen-

ration could also affect the degradation rate constant when the
nreacted H2O2 might favor the side reactions that scavenged the
OH to form hydroperoxyl radicals (•OH 2) via reaction (4). This has
rate constant of about 1.2–4.5 × 107 M−1 s−1 [2,26].

When increasing the initial H2O2 concentration from 5 to
50 mM, the H2O2 efficiencies of 2,6-DMA and COD decreased from
3.42 to 2.22 and from 137.7 to 9.04, respectively as listed in Table 2.
2O2 efficiencies higher than 100% were possible in this study since
OD removal was not only attributed to Fenton’s reaction. The effi-
iency of hydrogen peroxide for COD removal is defined by the
quation below:

=
[

�COD (mg/l)
available O2(mg/l)

]
× 100 (11)

here the available oxygen is the theoretical amount of reactive
xygen in the added hydrogen peroxide. COD could not be com-
letely eliminated even though hydrogen peroxide dosage was
igher than the theoretical dosage. A similar result was also found
hen landfill leachate was treated by electro-Fenton process [19].
hen large quantities of hydrogen peroxide are present, it will
cts as a scavenger for the generated hydroxyl radicals. At higher
2O2 concentrations, the •OH produced might have followed other

eaction pathways instead of Eq. (3) after 2,6-dimethylaniline was
egraded. Higher H2O2 concentrations might have favored the side
eactions that scavenged the hydroxyl radicals to form hydroper-
ous Materials 176 (2010) 92–98 95

oxyl radicals (•OH 2). This could be supported by a decrease in the
degradation rate constants from 0.0589 mM min−1 of the 150 mM
initial H2O2 concentration compared with 0.0602 mM min−1 of
120 mM initial H2O2 concentration. The TOC removal was also
determined in this study. The highest TOC removal was 52% when
120 mM of hydrogen peroxide was used. The low COD and TOC
removals may indicate that, although 2,6-dimethylaniline might be
highly oxidizable, some of its derivatives and intermediates might
not be as readily oxidized.

3.2.3. Effect of ferrous ion concentration
The rate of degradation increases with an increase in the con-

centration of ferrous ions [6]. Table 2 shows that increasing the
initial Fe2+ concentration from 0.1 to 2.5 mM enhanced both the
2,6-dimethylaniline and COD removal. One hundred percent of
2,6-dimethylaniline degradation was achieved when using 1 mM
of Fe2+. Though, the highest COD removal (38.23%) was observed
when the initial Fe2+ concentration of 2 mM was added to the
reactor. However, the COD removal efficiency started going down
at concentrations higher than 2 mM. The initial degradation rate
and the H2O2 efficiencies for both 2,6-DMA and COD also had
the same trend, as listed in Table 2. The highest H2O2 efficiency
for 2,6-dimethylaniline removal was about 17.82% and the COD
removal was at 85.42% when an initial Fe2+ concentration of 2 mM
was applied. The 2,6-dimethylaniline removal and COD removal
decreased to 98.5% and 37%, respectively, when the initial Fe2+

concentration was increased to 2.5 mM. There was also a decrease
in the initial degradation rate and the H2O2 efficiencies for both
2,6-DMA and COD removal at this high initial Fe2+ concentration.

The increase in the 2,6-dimethylaniline removal and COD
removal may be explained by the rate constant of reaction (1) being
63 M−1 s−1, while that for reaction (5) is only 0.01 M−1 s−1 [27].
This means that ferrous ions are consumed faster than they are
produced. Accordingly, increasing in the initial Fe2+ concentration
promoted the hydroxyl radical formation through reaction (1) and
enhanced the 2,6-dimethylaniline removal and COD removal via
reaction (3). An increase in initial Fe2+ concentration was needed
to improve the organic compounds degradation and decomposition
[13]. The low 2,6-dimethylaniline removal and COD removal at low
initial Fe2+ concentration might due to the side reaction between
H2O2 and •OH through reaction (4), i.e. there was not enough Fe2+ to
react with the available H2O2 such that the unreacted H2O2 reacted
with the hydroxyl radical. Thus, the concentration of the hydroxyl
radicals that could react with the organic compounds was reduced.

The decrease in initial rate, removal efficiencies and H2O2
efficiencies at high Fe2+ concentration may be attributed to the
formation of iron complexes via reaction (5). Alternatively, it has
been reported that an excess of ferrous ions would consume
hydroxyl radicals through reaction (2) which has a rate constant of
3.2 × 108 M−1 s−1 [27–29]. The excess amount of ferrous ions may
have a scavenging effect on the hydroxyl radical at the high ini-
tial Fe2+ concentration of 2.5 mM as indicated by the decreased of
the initial rate. This resulted in a decrease of 2,6-dimethylaniline
removal and COD removal as well as the H2O2 efficiencies for both
2,6-DMA removal and COD removal.

3.2.4. Effect of current density
Another important parameter of the electro-Fenton process is

the amount of DC current applied to the electrodes. As the current
applied to electrodes increases, the regeneration of ferrous ions
from ferric ions becomes higher [30]. Results show that increasing

the applied electric current from 0.5 to 4 A or current density from
5.56–44.44 A m−2 can promote the removal of 2,6-dimethylaniline
from 93.12% to 100% as shown in Table 3. COD removal also
increased when increasing the applied current density from 31.58%
to 40.32%, indicating an enhancement of the degradation power.
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Table 3
Effect of the applied electric current on 2,6-dimethylaniline removal, COD removal, rate constants, 2,6-dimethylaniline and COD removal efficiency and H2O2 efficiency
([2,6-dimethylaniline] = 1 mM, [H2O2] = 20 mM, [Fe2+] = 1 mM, pH 2).

Current (A) 2,6-DMA
removal (%)

2,6-DMA initial
rate (mM min−1)

[�2,6-DMA]
[�H2O2] (%)

Current impact
EEF/ECF

COD removal (%) [�COD] [�H2O2] (%) Current Impact
EEF/ECF

Energy cost
(kWh m−3)

0.00 42.55 0.0111 7.26 – 26.31 48.30 – 0
0.50 93.12 0.0421 16.59 2.29 31.58 72.82 1.51 1.77
1.00 99.53 0.0434 17.57 2.42 34.25 76.75 1.59 4.44
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degradation of 1 mM 2,6-dimethylaniline solution by the electro-
Fenton method when current density of 15.89 A m−2 was applied.

The anions were examined by an Ion Chromatograph. The
anions included lactic acid at 1.15 min, acetic acid at 2.9 min,
1.43 100.0 0.0468 17.82 2.46
2.00 100.0 0.0468 17.82 2.46
4.00 100.0 0.0473 17.82 2.46
6.00 96.25 0.0474 17.15 2.36

his observation was similar to the experiment on the removal of
-nitrophenol by varying the electric current from 0.5 to 1 A [31].
n addition, the current impact at 44.44 A m−2 (4 A) was 2.46 for
,6-dimethylaniline removal and 1.94 for COD removal as shown

n Table 3. This means that electro-Fenton at 44.44 A m−2 is highly
uperior in 2,6-dimethylaniline degradation when it is compared
o Fenton process operated at the same conditions. This was due
o the higher electro-regeneration rate of ferrous ions from ferric
ons with increased current which also increased the efficiency of
he Fenton chain reactions. In this study, current impact was used
o explain the important of electric current on the degradation of
,6-dimethylaniline and COD. The current impact was calculated by
omparing the removal efficiency of 2,6-dimethylaniline and COD
f each electrical current applied with conventional Fenton pro-
ess. We assumed that increasing electrical current will increased
he current impact.

However, both 2,6-dimethylaniline and COD removal efficien-
ies decreased to 96.25% and 38.59%, respectively, when current
ensity of 66.67 A m−2 (6 A) was applied. The same trend were also
bserved for the H2O2 efficiency of both 2,6-DMA and COD removal,
nd their corresponding current impacts as shown in Table 3. The
OC removal at 44.44 A m−2 was also found to be the highest and
t is about 45%. The performance of the electro-Fenton process was
valuated by the instantaneous current impact. Since the current
as kept constant, the amount of Fe2+ generated was propor-

ional to the time of electrolysis. Current impact of 5.56, 15.89
nd 44.44 A m−2 (0.5, 1.43 and 4 A) after 90 min were 2.29, 2.46
nd 2.46, respectively. The initial degradation rate also increased
hen the current density increased. This is due to the increased

egeneration of Fe2+ induced at the cathode via reaction (9) which
romotes hydroxyl radical production through reaction (1). On the
ther hand, at a higher current density of 66.67 A m−2, the compet-
tive reactions such as the discharge of oxygen gas at the anode via
eaction (12) and the evolution of hydrogen gas at the cathode via
eaction (13) become more pronounced [31].

H2O → 4H+ + O2+4e− (12)

H+ + 2e− → H2 (13)

Hence, the degradation rate constant decreased and H2O2 was
ot efficiently used. The energy cost for electro-Fenton process was
lso discussed. The equation applied for calculate the energy cost
s [32]:

nergy cost : (kWh/m3) =
[

V × I × t

volume

]
×

[
CODo

�CODexp.

]
(14)

here V is the voltage applied until time t (Volt), I is the electric

urrent (Ampere) used in the study, t is the given time (min), vol-
me is the amount of organic solution used in the experiment (L),
ODo is the initial COD of the organic chemical and �CODexp. is the
ifference between the initial COD and the final COD after treat-
ent. By using Eq. (14), the energy cost increased when increasing

he initial electric current and reaction time as shown in Table 3.
35.71 85.42 1.77 6.41
39.44 89.91 1.86 9.33
40.32 93.60 1.94 23.81
38.59 55.38 1.15 46.01

3.3. Identification of intermediates and proposed mechanism

The GC/MS and IC were applied to identify the inter-
mediates that might occur from the degradation of 2,6-
dimethylaniline by the electro-Fenton process. Several stable inter-
mediates, such as 2,6-dimethylphenol, 2,6-dimethylnitrobenzene,
2,6-dimethylbenzoquinone, 3-hexanone, lactic acid, oxalic acid,
acetic acid, maleic acid and formic acid were detected during the
Fig. 3. Time-course of anions (a) and nitrate ions (b) concentration during the
degradation of 2,6-dimethylaniline by electro-Fenton process ([2,6-DMA] = 1 mM;
[Fe2+] = 1 mM; [H2O2] = 20 mM; pH 2; I = 1.43 A).
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Fig. 4. Proposed reaction pathways for mineralization of 2,6-dimeth

aleic acid at 9.79 min, formic acid at 3.58 min and oxalic
cid at 10.64 min. The formic acid was found after 2 min of
he reaction time and its concentration increased with the
ncreasing of time after 60 min the concentration of formic acid
ecreased. Oxalic acid was also found after 2 min. The concentra-
ion of oxalic acid increased as the time increased as shown in
ig. 3. Nitrate ions were also detected in the electrolyzed solu-
ions. However, no nitrite ions were found in the solution. The
itrate ion generation profile is presented in Fig. 3. The nitrate

ons were found due to the degradation of 2,6-dimethylaniline
nto other intermediates such as 2,6-dimethylphenol. Evolution
f these species under electro-Fenton condition is presented
n Fig. 4. 2,6-dimethylphenol, 2,6-dimethylnitrobenzene, 2,6-
imethylbenzoquinone, 3-hexanone, lactic acid, formic acid, acetic
cid and maleic acid are practically eliminated in the experiment
fter 4 h of the reaction.

Based on this finding, a general pathway for degradation of
,6-dimethylaniline at pH 2 with the electro-Fenton process was
roposed. The proposed pathway is shown in Fig. 4. In electro-
enton oxidation, the main oxidizing species is the hydroxyl radical.
t is known that •OH radicals are nonselective and strong elec-
rophilic oxidizing species [33]. The degradation process can be
nitiated either by the attack of •OH on 2,6-dimethylaniline that
ields 2,6-dimethylnitrobenzene or by the direct hydroxylation
f 2,6-dimethylaniline’s N-position to give 2,6-dimethylphenol.
,6-dimethylbenzoquinone is also formed from •OH attack on 2,6-
imethylphenol which further breaks into 3-hexanone. In Fenton
eactions, •OH addition to the aromatic substrates to give mono- or
ultihydroxyl intermediates or products (hydroquinone/quinone

nalogues) has been firmly established [34]. The further degra-
ation of 2,6-benzoquinone and 3-hexanone leads to a mixture
f lactic acid, maleic acid and acetic acid. The three acids are

ransformed into formic acid and oxalic acid. The formic acid is
irectly mineralized to carbon dioxide. The ultimate carboxylic
cid, oxalic acid, is very slowly converted into CO2 by •OH since it
orms very stable Fe3+-oxalato complexes under the electro-Fenton
rocess. It can be easily established that 2,6-dimethylaniline is
ine at pH 2 by electro-Fenton process (*detected by GC–MS and IC).

degraded to 2,6-dimethylphenol, 2,6-dimethylnitrobenzene, 2,6-
dimethylbenzoquinone and probably other nitrogen-free organic
derivatives. As far as we know, the proposed degradation pathways
of 2,6-dimethylaniline using the electro-Fenton process at pH 2 has
not yet been reported in the literature.

4. Conclusions

This study employed electro-Fenton process to oxidize 2,6-
dimethylaniline. Results show that pH, Fe2+, H2O2 and current
density have a significant effect on the degradation of 2,6-
dimethylaniline. Results obtained from the experiments revealed
that 1 mM of 2,6-dimethylaniline can be completely degraded in
4 h when it is in the presence of 1 mM Fe2+ and 20 mM H2O2
and using a current of 15.89 A m−2 at pH 2. However, the highest
COD and TOC removal were achieved when 120 mM of hydro-
gen peroxide was applied. 2,6-dimethylaniline cannot completely
mineralize to carbon dioxide and water but rather transform into
some other intermediates. The most important intermediates that
can find in electro-Fenton process were 2,6-dimethylphenol, 2,6-
dimethylnitrobenzene, 2,6-dimethylbenzoquinone, 3-hexanone,
lactic acid, oxalic acid, acetic acid, maleic acid and formic acid.
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