
R
i

C
a

b

a

A
R
R
A
A

K
R
I
C
P
C

1

p
l
f
b
F
A
r
s
a
t
t
L
r
t
i
[

K
T

1
d

Journal of Molecular Catalysis A: Chemical 304 (2009) 121–127

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

eductive dissolution and oxidative catalysis of an immobilized iron oxide
n the presence of catechol and phenol

hun-Ping Huanga, Chang-Ren Chena, Yi-Fong Huanga, Yu-Wen Lua, Yao-Hui Huanga,b,∗

Department of Chemical Engineering, National Chen-Kung University, Tainan, Taiwan
Sustainable Environment Research Center, National Cheng Kung University, Tainan, Taiwan

r t i c l e i n f o

rticle history:
eceived 5 August 2008
eceived in revised form 13 January 2009
ccepted 31 January 2009
vailable online 10 February 2009

eywords:
eductive dissolution

a b s t r a c t

An original study of an immobilized iron oxide catalyst (SiG1) with one hydroxylation intermediate of
phenol (catechol) in the reductive dissolution process was performed. Also, SiG1 was applied as the cat-
alyst for the oxidation of phenol and catechol in the presence of hydrogen peroxide. The SiG1 used in
this study reacted more efficiently with catechol than the other iron oxides. Only the hydroxylation inter-
mediates of phenol (i.e. catechol and 1,4-hydroquinone) were able to reductively dissolve SiG1. However,
there are no interactions between SiG1 and phenol. The reductive dissolution of SiG1 not only occurred at
acidic solution but also occurred at alkali solution in the presence of catechol. Furthermore, the solution
of pH 5 was found to be a critical condition in which the interactions of SiG1 and catechol were weak in
ron oxide

atalysis
henol
atechol

the presence or absence of H2O2. The yields of Fe2+ from SiG1 in the presence of catechol were limited
by the equilibrium of reduction and the oxidation rate of iron(III, II) species. A kinetic model was applied
to obtain the estimated maximum concentration of Fe2+ produced by SiG1 and estimated proportional
constant in the presence of catechol at different pH conditions by using a trial and error method. Catechol
induced the reductive dissolution of SiG1 and then promoted its own oxidation along with that of phenol

en pe
in the presence of hydrog

. Introduction

Advanced oxidation processes (AOPs) as well as Fenton-type
rocesses have been widely applied for the treatment of pheno-

ic wastewater. Iron salts applied in Fenton-type reactions including
errous ions and ferric ions have been thoroughly studied, and it has
een shown that the mineralization of organic compounds with the
enton reaction is enhanced by inducing UV or solar light induction.
lso, many studies have reported that the application of Fenton’s
eagent at near neutral pH conditions is feasible in the presence of
ome organic complexing ligands [1–9]. Organic compounds may
ct as ligands (L) or redox agents. Possible reactions include (i)
he photolysis of Fe(III)-L complex [7], (ii) the formation of reac-
ive high valent iron-oxo or iron-peroxo compexes stabilized by
[10], (iii) the reduction of Fe3+ by neutral organic molecules or
adicals [11] and (iv) the oxidation of Fe2+ by radicals or carboca-
ions [11]. The core thermal and photochemical inorganic reactions
nvolved in •OH production and decay have been well established
11,12]. An understanding of these reactions is important for the
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roxide.
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successful application and enhancement of Fenton-type remedia-
tion technologies. In 1954, Udenfriend and co-workers indicated
that aromatic compounds are hydroxylated by O2 or H2O2 when
Fe(II), ascorbic acid, and ethylenedioaminetetracetic acid (EDTA)
are present in a buffered solution around neutral pH [13]. In 1966,
Hamilton and his co-workers reported that the hydroxylation of
anisole by H2O2 in the presence of ferric ion and catechol involves
two general types of mechanisms: (1) a free-radical chain reaction
and (2) direct oxidation of the substrate by catechol with concomi-
tant regeneration of Fe3+ [14]. Furthermore, aromatic pollutants
have been the most frequently targeted compounds in the treat-
ment of wastewater, and phenol, 1,2-hydroquinone (catechol) and
1,4-hydroquinone (1,4-HQ) have been found as the intermediates
during AOP degradation [6,15,16]. It has been shown that catalytic
amounts of catechol and 1,4-HQ greatly increases the rate of the
Fe3+/H2O2 (Eq. (1)) degradation of substituted benzenes [17]

Fe3++H2O2 → Fe2+ + HO2
• + OH− k = 0.01 M−1 s−1 (1)
Also, polyphenols and particular catechols exist in many organisms,
including plants and animals. These kinds of organic compounds
have been found to easily reduce Fe(III) and to complex with Fe(II)
(Eq. (2)) [18,19]. Moreover, it has been established that Fe3+ can be

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:yhhuang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.molcata.2009.01.036
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educed to Fe2+ rapidly at a low pH in aqueous solution [19,20]

(2)

ence, the acceleration of the rate of organic compound degrada-
ion is ascribed to the production of Fe2+, which then generates •OH
hrough the normal Fenton pathway (Eq. (3))

e2+ + H2O2 → Fe3+ + •OH + OH− k = 76 M−1 s−1 (3)

Hydroquinones have been used for the enhancement of homo-
eneous Fe3+/H2O2 systems in the degradation of phenol [21].
urthermore, iron oxides are popularly employed as catalysts in a
eterogeneous Fenton reagent [12,22–29]. The major advantages

or the application of iron oxides are that they are economical,
lentiful and easy to obtain; as heterogeneous catalysts, they can
lso be easily separated from treated wastewater. Different types
f iron oxides exhibit different activities. In our previous study,
ome immobilized iron oxides were found to be of high efficiency in
he activation of hydrogen peroxide [22]. Furthermore, researchers
ave determined that the profound insolubility of ferric hydroxide
nd the low equilibrium concentrations of ferric ion in biologi-
al environments are overcome by the enormous stability and ion
electivity of ferric siderophore complexes [30]; this means that
erric hydroxide can be reductively dissolved in the presence of
ome quinone derivatives at a neutral pH. There are few reports that
iscuss the reductive dissolution of iron oxides in the presence of
uinone derivatives. However, the cycling of iron is of great impor-
ance in the geochemical cycling of electrons in water–sediment
ystems, in soil systems, and in atmospheric waters. Iron oxides
re reductively dissolved (both in dark and light reactions) to Fe(II),
hich in turn is oxidized, and Fe(III) then precipitates to form iron

xides. Reductive dissolution of the Fe(III) of iron oxides has been
emonstrated to be of interest in the storage and transfer of iron in
iological cells, as well as in processes for the removal of iron cor-
osion products [31]. Reductive dissolution involves two stages: an
nduction period and an autocatalytic period. The dissolution pro-
ess is affected by the initial solution pH, temperature, the exposure
f solution to UV radiation and by the addition of bivalent iron in
he solution [32]. Hence, an investigation of the reductive dissolu-
ion of iron oxides in the oxidative catalysis of phenol and catechol
s meaningful and worthy of consideration.

The objective of this work is to compare the reductive dissolu-
ion abilities of commercial iron oxide and immobilized iron oxide
SiG1) in the presence of catechol and also to investigate the factors
hich may affect their reductive dissolution, such as the pH and

he concentration of catechol. Also, a reasonable kinetic model was
roposed to describe the formation of Fe2+ from SiG1 in the pres-
nce of catechol at different solution pH values. In addition, the
H effect on the oxidative catalyses of phenol and catechol were

nvestigated. The reductive dissolution of SiG1 during the oxidative
atalysis of phenol and catechol in the presence of H2O2 was also
nvestigated.

. Experiment

.1. Materials and synthesis of SiG1

The commercial iron oxides catalysts, FeOOHL (30–50 mesh) and

eOOHs (50–80 mesh) were purchased from Aldrich and used as
eceived. Catechol (99%+, Acros), Hydroquinone (99.5%, Acros) and
aClO4 (99%, SHOWA) were of analytical reagent grade and used
ithout further purification. An immobilized iron oxide on silica

and was developed in the following manner [23,33]: The ferrous
lysis A: Chemical 304 (2009) 121–127

ion in ground water was oxidized by aeration, and the iron(III) oxy-
hydroxide was simultaneously immobilized on nonporous silica
sand (SiO2) at a neutral pH in a fluidized bed reactor. The immo-
bilized iron oxide (SiG1) was withdrawn from the fluidized bed
reactor after 1 month.

2.2. Characterization of SiG1 and analysis

About 17 mg/g of iron immobilized on SiG1, the bulk density
of which was about 1.52 g/cm3, and the mean particle diameter
was approximately 0.99 mm. The surface elements distribution of
SiO2 and SiG1 were studied by an scanning electron microscope
(SEM) (JEOL JSM-6700F) combined with an EDS (energy disper-
sive spectroscopy). The concentration of ferrous ions was measured
using the 1,10-phenanthroline method [34]. The concentration of
H2O2 was measured using titanium sulfate [35]. The concentrations
of phenol and catechol were measured using high performance
liquid chromatography (HPLC) (SHIMADZU SPD-10AP) with a TSK-
GEL ODS-80TM column (4.6 mm × 150 mm) and a UV detector at
225 nm. A mixture of methanol–water (50/50, v/v) was used as the
mobile phase.

2.3. Experimental procedure

2.3.1. Reductive dissolution of different iron oxides
The SiG1 or commercial iron oxides were individually immersed

in a 1-L aqueous catechol solution (200 mg/L) that contained 10 mM
of NaClO4 (ionic strength) at 30 ◦C with an agitation speed of
150 rpm. The solution pH was adjusted to 4.0 ± 0.2 by HClO4 or
NaOH.

2.3.2. Reductive dissolution of SiG1
In this section, all the solutions were controlled at the same con-

ditions (10 mM NaClO4, pH 4.0 ± 0.2, 30 ◦C and an agitation speed of
150 rpm). All the samples were withdrawn after a period of time and
filtered using a 0.2-�m membrane filter. The production concen-
tration of ferrous ions was the measured. The various amounts of
SiG1, 5, 10, 15 and 20 g, respectively were individually added to a 1-L
aqueous catechol solution (50 mg/L); for the various concentrations
of catechol, four 10 g portions of SiG1 were immersed in 50, 100,
200 and 400 mg/L of 1-L aqueous catechol solutions, respectively.
For the test of reductively dissolved organic compounds, three 10 g
portions of SiG1 were immersed in aqueous phenol, catechol and
1,4-HQ solutions, respectively. For the pH variation experiment, the
operation procedure was similar to that mentioned above and the
initial solution pH was adjusted by HClO4 or NaOH. However, the
pH condition was not controlled during the reaction to avoid Fe2+

oxidation or iron precipitation.

2.3.3. Catalytic oxidation process
Catalytic oxidation of phenol or catechol with H2O2 at differ-

ent pH conditions was performed by the following procedure: SiG1
(10 g/L) was added into a 1-L beaker with either a phenol or cate-
chol (100 mg/L, 1.06 mM) solution; H2O2 (68 mg/L, 2 mM) was then
added to initiate the reaction at the adjusted pH (by HClO4 or NaOH)
at 30 ◦C with an agitation speed of 150 rpm. The samples were with-
drawn after a period of time and filtered using a 0.2-�m membrane
filter. The concentration of ferrous ions, phenol or catechol was then
measured by HPLC.

3. Results and discussion
3.1. Characterization of SiG1

Silica sand is abundant, cheap, has good mechanical properties
and is easy to separate when used as a catalyst support. In terms
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Table 1
Surface element compositions of SiO2 and SiG1 by EDS.

Element SiO2 SiG1

Weight % Atomic % Weight % Atomic %

C 2.21 4.23 2.10 6.23
O 44.91 64.53 25.82 57.59
Al 0.3 0.26 0 0
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reaction. In contrast to a homogeneous system, the interactions of
organic compounds and iron oxides should include adsorption, a
reaction (redox) and a desorption (dissolution) process. Hence, the
reductive dissolution of SiG1 in the presence of phenol, catechol
and 1,4-HQ was compared. Fig. 3 shows that there was no reductive

Table 2
The formation concentration of Fe2+ at 300 min ([Fe2+]300) and formation rate of Fe2+

(Rf) with different concentration of catechol (pH 4, 30 ◦C, 150 rpm, 10 mM NaClO4).

Variables [Fe2+]300 (mg/L) Rf (�M/min)

Iron oxides (Fig. 1)
SiG1 2.72 0.172
FeOOHs 0.31 0.021
FeOOHL 0.28 0.019

[SiG1]0 (g/L) (Fig. 2a)
20 1.46 0.087
15 1.23 0.080
10 1.31 0.083
5 0.87 0.054
i 35.38 28.96 4.30 5.46
a 0 0 1.71 1.52
e 0 0 37.49 23.96
t 17.2 2.03 28.58 5.23

f catalyst recovery and separation, the immobilization of active
pecies on the surface of silica sand is a concern. Nonporous silica
and (white) was chosen to be the support of iron oxide (brown)
36]. The major advantage of a nonporous catalyst in heterogeneous
atalysis is that its internal mass transfer resistance is negligible as
ompared to a porous catalyst. A new technique for oxidizing Fe(II)
nd for the immobilization of Fe(III) at a neutral pH in a fluidized
ed reactor has previously been developed [23,33]. After a small
mount of iron oxides were immobilized on the silica sands, the
articles became light brown. Table 1 lists the quantitative surface
ompositions of SiO2 and SiG1, as determined by EDS. Obviously,
ron oxides are successfully immobilized on the surface of SiO2. Fur-
hermore, it was demonstrated in this work that the immobilized
ron oxides could not be easily removed from the surface of the silica
ands by agitation. Hence, the iron oxides were firmly immobilized
n the surface of the silica sand. The density and particle diame-
er properties show that SiG1 is easy to recover and separate after
his application. Moreover, SiG1 is an amorphous and nonporous
ron oxide, and its characteristics, such as its X-ray diffraction and

orphology, have been reviewed in our previous work [22].

.2. Reductive dissolution of different iron oxides

In our previous study, it was found that the immobilized iron
xide (SiG1) dissolved more easily in the presence of oxalic acid
ue to the fact that the bonding between iron oxide and silica sand
support) is weak [22]. In this work, it will be very interesting to
nvestigate the reductive dissolution of different iron oxides in the
resence of catechol. Fig. 1 shows that the immobilized iron oxide,
iG1, exhibits an easy progression to reductive dissolution (i.e. fer-
ous ion production). Moreover, the immobilized iron oxide, SiG1, is
ore reactive than the bulk iron(III) oxides (FeOOHL and FeOOHs)

n the presence of catechol. The slopes of linear straight lines shown
n Fig. 1 represent the formation rate of ferrous ions (Eq. (4))

f = [Fe2+]
t

(4)

here Rf is the formation rate of Fe2+, [Fe2+] is the formation
oncentration of Fe2+, and t is the reaction time. Apparently, the
ormation rate of Fe2+and the formation concentration of Fe2+ for
iG1 are greater than that of the commercial bulk iron oxides used
n this study. The difference in the reactivity of the iron(III) oxides

ay be plausibly caused by the difference in the degree of poly-
erization of the oxides and as a result of the quantity of the active

unctional groups with various coordination arrangements on the
urfaces of the these iron(III) oxides [37].

.3. Reductive dissolution of SiG1
Firstly, the various amounts of SiG1 were individually immersed
n 50 mg/L of catechol in order to investigate their reductive disso-
ution kinetics (Fig. 2a). When SiG1 is above 10 g, the formation
ates of ferrous ions are close to each other (Table 2). Hence, the
eductive dissolution of SiG1 is a diffusion control process. Fur-
Fig. 1. Comparison of the reductive dissolution kinetics of iron oxide produced from
immobilized of iron species ([SiG1]0 = 10 g/L, iron contained = 170 mg/L) and com-
mercial bulk iron oxide ([FeOOH]L,0 = [FeOOH]S,0 = 0.5 g/L, iron contained = 314 mg/L)
(pH 4.0, [Catechol]0 = 200 mg/L, 150 rpm, 30 ◦C, 10 mM NaClO4).

thermore, the concentration of catechol in the solution relates to
the saturated solubility and the reductive dissolution rate of the
iron species. Secondly, 50, 100, 200 and 500 mg/L of catechol were
prepared in different beakers, and then the SiG1 (10 g/L) samples
were individually added into these beakers to study their reduc-
tive dissolution process. Fig. 2b shows that the formation rates of
ferrous ions generated from SiG1 increase with increased concen-
tration of catechol. Also, the yields of ferrous ions at 300 min are
proportional to the concentration of catechol (Table 2). Based on
the result, the higher the concentration of catechol that exists in
the solution, the higher the saturated solubility and the faster the
reductive dissolution rate of the iron species.

When ferrous ions and hydrogen peroxide (Fenton reagent) are
combined for the degradation of phenol, ferric ions are formed
by the oxidation of ferrous ions; catechol and 1,4-hydroquinone
(1,4-HQ) are the initial products [21,30]. In a homogeneous system,
a major interaction of iron ions and organic compounds is redox
[Catechol]0 (mg/L) (Fig. 2b)
500 3.61 0.221
200 2.72 0.172
100 1.69 0.101
50 1.31 0.083
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ig. 2. Reductive dissolution kinetics of different concentrations of (a) SiG1 ([Catech

issolution of SiG1 in the presence of phenol. However, the catechol
nd 1,4-HQ are shown to be efficient for the reductive dissolution of
iG1. Furthermore, the reductive dissolution behavior of SiG1 was
ifferent in the presence of catechol and 1,4-HQ due to their differ-
nce in molecular structure. The initial reductive dissolution rate of
iG1 in the presence of catechol is faster than that in the presence
f 1,4-HQ. However, the production of ferrous ions increases after
20 min in the presence of 1,4-HQ due to the autocatalytic mech-
nism (the initially formed 1,4-HQ-Fe(II) complex induces further
eductive dissolution of SiG1). The reductive dissolution mecha-
ism of SiG1 includes adsorption, iron(III) reduction and iron(II)
issolution in the presence of catechol or 1,4-HQ. Based on the
esults, the hydroxylation compounds of phenol (i.e. catechol and
,4-HQ) were able to react with SiG1, rather than phenol. Generally,
he active radicals produced on the surface of a catalyst can oxidize
he organic compounds and are also adsorbed on the surface of the
atalyst. However, in this case, phenol is not adsorbed by SiG1. If

he active radicals were to be produced on the surface of SiG1 in
he presence of H2O2 and then they were to diffuse to the aqueous
olution, their short life would result in inefficiency in the oxidation
f phenol or make it quite difficult. On the other hand, the produc-
ion of Fe2+ from SiG1 via reductive dissolution can overcome this

ig. 3. Reductive dissolution kinetics with catechol, 1,4-HQ and phenol
[SiG1]0 = 10 g/L, pH 4.0, 150 rpm, 30 ◦C; [Catechol]0 = [1,4-HQ]0 = 200 mg/L,
Phenol]0 = 100 mg/L, 10 mM NaClO4).
50 mg/L) and (b) catechol ([SiG1]0 = 10 g/L) (pH 4.0, 150 rpm, 30 ◦C, 10 mM NaClO4).

problem. Hence, it is to be expected that catechol and 1,4-HQ play
a significant role for the oxidation of phenol in the presence of SiG1
and H2O2.

3.4. pH effect on the reductive dissolution of SiG1

Solution pH value is an important factor for the oxidation, disso-
lution and precipitation of iron species. Usually, the oxidation and
precipitation rates of iron species are very fast at higher solution pH
values (>5). The reduction and dissolution processes of iron species
usually occur under acidic conditions. In this section, the reduc-
tive dissolution of SiG1 in the presence of catechol with various
pH values was investigated. Firstly, it was confirmed that the SiG2
was not dissolved when the pH value of the solution was greater
than 4.0. When the initial pH was adjusted below 5, the pH value
remained constant during the reaction. However, when the initial
pH was above 6, the pH value gradually decreased during the reac-
tion. During the reaction, the alkali was not added into the system to
avoid the oxidation and precipitation of ferrous ions. Fig. 4a shows
that a pH of 4 is the optimum condition for yielding ferrous ions
from SiG1 in the presence of catechol. When the initial solution pH
was adjusted to 5.0, the yield of ferrous ions is lower than in other
pH conditions. The yields of Fe2+ from SiG1 in the presence of cate-
chol were limited by the equilibrium of reduction and the oxidation
rate of the iron(III, II) species. Hence, the formation concentration
of Fe2+ from SiG1 in the presence of catechol is expected to reach a
plateau (equilibrium) or a maximum value (reduction and then oxi-
dation periods) under different concentrations of catechol or under
different solution pH values. One can see that the production of fer-
rous ions gradually reaches plateau at initial pH values of 4.5, 5.0,
6.0 and 9.0, respectively, as shown in Fig. 4a. The formation rate of
Fe2+ from SiG1 in the presence of catechol is reasonably assumed
to be proportional to the concentration gradient of Fe2+ between
estimated maximum reductively dissolved concentration and the
solution concentration (driving force), so the kinetic model can be
expressed as

d[Fe2+]
dt

= −ke([Fe2+]em − [Fe2+]) (5)

No Fe2+ is formed in the solution at time zero (i.e. [Fe2+]0 = 0). There-
fore,
ln
[Fe2+]em − [Fe2+]

[Fe2+]em
= −ket (6)

where ke is the estimated proportional constant; t is time; [Fe2+]em

and [Fe2+] are the estimated maximum concentrations and solution
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ig. 4. (a) Reductive dissolution kinetics of SiG1 at different pH conditions; (b)
Catechol]0 = 200 mg/L, 150 rpm, 30 ◦C, 10 mM NaClO4).

oncentrations of Fe2+. We can guess a value of [Fe2+]em, then ke,
nd a straight regression line of ln(([Fe2+]em − [Fe2+])/[Fe2+]em) vs.
(from 0 to 300 min) plot were obtained (trial an error method).
hen the R2 of the regression line is close to 1, the values obtained

or ke and [Fe2+]em are recorded in Table 3. The obtained values
f [Fe2+]em represent the estimated maximum Fe2+ formation con-
entrations in the presence of catechol at different pH conditions.
lso, the formation of ferrous ions in the presence of catechol was
ecorded at 300 min under different pH conditions (Fig. 4b). Obvi-
usly, the reductive dissolution of SiG1 at a pH of 5 is the most
nefficient (Fig. 4b and Table 3), so the solution of pH 5 is a critical
ondition for the interactions of SiG1 and catechol. Generally, the
errous ions are rapidly oxidized to ferric ions by dissolved oxygen
n solution at neutral or alkaline conditions [23,38]. However, the
eductive dissolution of SiG1 at initial pH of 9 is also promoted
n the presence of catechol. The results also mean that the fer-
ous ions produced were protected by catechol at higher solution
H conditions. Moreover, the color transformation of catechol–iron
omplexes in the solution was observed at different pH conditions
uring the reaction. It has been pointed out that the various solu-
ion colors were caused by the formation of different catechol-iron
omplexes [20,30].

.5. Catalytic oxidation of phenol and catechol in the presence of
2O2
It is well known that the aromatic intermediates of phenol dur-
ng the oxidation process are catechol and 1,4-HQ [6,39,40]. In this
ection, the catalysis of phenol and catechol at different pH con-
itions is a major concern. Also, the formation of ferrous ions was

able 3
he estimated maximum concentration of Fe2+ ([Fe2+]em), estimated proportional
onstant (ke) and R2 ([SiG1]0 = 10 g/L, [Catechol]0 = 200 mg/L, 150 rpm, 30 ◦C, 10 mM
aClO4).

H 4.5 5.0 6.0a 9.0a

Fe2+]em (mg/L) 2.56 1.23 2.34 2.91
e × 103 (1/min) 2.8 7.0 3.5 3.9
2 0.9978 0.9957 0.9972 0.9964

a Represent the pH value decrease during the reaction.
roduction of ferrous ions at 300 min at different pH conditions ([SiG1]0 = 10 g/L,

observed during the reaction. Actually, the complete degradation of
1 mol of phenol to CO2 consumed 14 mol of H2O2. In this work, only
2 mol of H2O2 was applied to oxidize 1 mol of phenol and to further
detect the hydroxylation intermediates of phenol. Fig. 5a shows the
degradation of phenol at different pH conditions and the depletion
of H2O2 at pH 4. The oxidation of phenol is observed at pH 4, but it
is quite inefficient at both pH 5 and 9 in the SiG1/H2O2 system. Lag
periods in phenol oxidation and in H2O2 depletion (0–90 min) were
found at pH 4. The lag phase of phenol actually represents a slow
rate-limiting reduction of Fe3+ by H2O2 Eq. (1) to Fe2+ which sus-
tains the Fenton reaction Eq. (2). Progression from the lag phase to
the reaction phase is due to the buildup of Fe2+ through additional,
more efficient reactions [21,41]. In the immobilized iron oxide, SiG1,
which is a solid Fe(III) species, the role of the initiation mechanism
for the activation of H2O2 is also considered similar to Fe3+ [22,42].
The tendency of H2O2 depletion is similar to that of the oxidation of
phenol, which is also ascribed to the transformation of Fe(III) and
Fe(II). Fig. 5a also demonstrates that H2O2 was decomposed, but the
oxidation of phenol almost failed to occur at pH 5 and 9, because of
the fact that H2O2 was decomposed to O2 and H2O by SiG1 at these
pH conditions. Also, it is well known that H2O2 is easily decomposed
to O2 and H2O under higher pH conditions, so the decomposition
rate of H2O2 in the presence of SiG1 under pH 9 is faster than it
is under pH 5. Furthermore, one of the initial products of phenol
(i.e. catechol) and the formation of ferrous ions from SiG1 are pre-
sented in Fig. 5b. The products of catechol and Fe2+ were found after
a 90 min reaction. As would be expected, the catechol is also oxi-
dized during the reaction (after 180 min). The oxidation of phenol
and the depletion of H2O2 occurred during the initiation periods
(Fe2+ formation) before the 90 min reaction time. After a 90 min
reaction time, the Fenton process is the dominative process for the
oxidation of phenol and for the decomposition of H2O2. Therefore,
the reductive dissolution of Fe(III) by catechol was discussed in the
previous sections, and this route has been shown to be much faster
than that of the reduction of Fe(III) by H2O2 [21]. Hence, the initial

intermediates of phenol are important species for promoting the
oxidation process.

There were almost no reactions between catechol and H2O2
at both pH 4 and 5 without SiG1, but catechol exhibited an effi-
cient reaction with H2O2 at pH 9 without SiG1. Actually, catechol
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Fig. 5. (a) Catalytic oxidation of phenol with H2O2 at different pH conditions; (b) production of catechol and formation of ferrous ions during the oxidation of phenol at pH
4 ([SiG1]0 = 10 g/L, [Phenol]0 = 100 mg/L, [H2O2]0 = 68 mg/L, 150 rpm, 30 ◦C, 10 mM NaClO4).
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(about 150 min). SiG1 was reductively dissolved by the residue of
hydroquinones to produce Fe2+. Also some oxidative products such
as hydroquinones and carboxylic acids may affect the dissolution
of SiG1 in this stage. It can be concluded that catechol induces the
ig. 6. (a) Catalytic oxidation of catechol with H2O2 at different pH conditions; (b
uring the oxidation of catechol ([SiG1]0 = 10 g/L, [Catechol]0 = 100 mg/L, [H2O2]0 = 6

s rapidly oxidized by dissolved oxygen and other oxidants at high
H conditions. The catalytic oxidation of catechol at different pH
onditions is presented in Fig. 6a. No lag periods were observed
uring the oxidation of catechol because of the direct reductive dis-
olution of SiG1. The results show that catechol was dramatically
xidized at pH 4 and pH 9. The formation of ferrous ions dramati-
ally increased after 180 min at pH 4 (Fig. 6b) due to the exhausting
f H2O2 at this stage (Fig. 6c). The solution at pH 5 was also found
o be a critical condition in which the interactions between SiG1
nd catechol are small in the presence of H2O2. The yields of Fe2+

rom SiG1 in the solution with H2O2 (Fig. 6b) are higher than it
n aqueous catechol solution without H2O2 (Fig. 4a), because some
xidative by-products of catechol (such as carboxylic acids or oxalic
cid) may affect the dissolution of SiG1. The oxidation of catechol
s very inefficient at pH 5 and the catechol may only be oxidized to
n oxidative product without ring-opened reactions at pH 9, so the
ields of Fe2+ were not dramatically increased at pH 5 and 9. Cate-
hol was believed to be able to promote the oxidation of phenol in a
omogeneous Fe3+/H2O2 system [21]. Hence, catechol and phenol
ere simultaneously oxidized in the SiG1/H2O2 system, and the lag
eriod for phenol degradation (0–10 min) was obviously improved

ue to the production of Fe2+ in the presence of catechol (Fig. 7). In
he initial 10 min, catechol was oxidized in the SiG1/H2O2 system,
nd then the concentration of catechol increased due to the oxi-
ation of phenol during the period from 10 to 30 min; phenol and
atechol were continuously oxidized until the H2O2 was exhausted
ation of ferrous ions during the oxidation of catechol; (c) decomposition of H2O2

L, 150 rpm, 30 ◦C, 10 mM NaClO4).
Fig. 7. Catalytic oxidation of catechol and phenol ([SiG1]0 = 10 g/L, [Phenol]0

= 50 mg/L, [Catechol]0 = 50 mg/L, [H2O2]0 = 68 mg/L, 150 rpm, 30 ◦C, pH 4, 10 mM
NaClO4).
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eductive dissolution of SiG1 and then promotes its own oxidation
nd that of phenol in the presence of H2O2.

. Conclusions

The immobilized iron oxide (SiG1) used in this study exhibits high
reactivity for the reductive dissolution process in the presence of
catechol at pH 4.
There are no interactions between phenol and SiG1, but the reduc-
tive dissolution process of SiG1 occurs in the presence of catechol
or 1,4-HQ.
A solution of pH 5 is found to be a critical condition in which the
interactions between SiG1 and catechol are weak in the presence
or absence of H2O2.
The intermediates, catechol and 1,4-HQ, are able to induce the
reductive dissolution of SiG1, and then in turn promote their own
oxidation and that of phenol in the presence of H2O2.
A kinetic model was applied to fit the reductive dissolution of
SiG1, and the estimated maximum concentration of Fe2+ and esti-
mated proportional constant were obtained.
This study indicates that some of the heterogeneous (iron oxides)
Fenton-type catalyses for the degradation of aromatic compounds
also included the reductive dissolution route (homogeneous) dur-
ing the reactions. Also, the hydroxylation compounds of phenol
such as catechol and 1,4-HQ were oxidized not only by oxidants
(•OH, H2O2, O2, etc.) but also by iron(III) species.
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