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a b s t r a c t

The catalytic efficiency of iron (II, III) oxide to promote Fenton-like reaction was examined by employing
Rhodamine B (RhB) as a model compound at neutral pH. Two types of iron (II, III) oxides were used as
heterogeneous catalysts and characterized by XRD, Mössbauer spectroscopy, BET surface area, particle
size and chemical analyses. The adsorption to the catalyst changed significantly with the pH value and
the sorption isotherm was fitted using the Langmuir model for both solids. Both sorption and FTIR results
indicated that surface complexation reaction may take place in the system. The variation of oxidation
efficiency against H2O2 dosage and amount of exposed surface area per unit volume was evaluated and
correlated with the adsorption behavior in the absence of oxidant. The occurrence of optimum amount of
H2O2 or of exposed surface area for the effective degradation of RhB could be explained by the scavenging
effect of hydroxyl radical by H2O2 or by iron oxide surface. Sorption and decolourization rate of RhB as well
xidation
dsorption

as H2O2 decomposition rate were found to be dependent on the surface characteristics of iron oxide. The
kinetic oxidation experiments showed that structural FeII content strongly affects the reactivity towards
H2O2 decomposition and therefore RhB decolourization. The site density and sorption ability of RhB on
surface may also influence the oxidation performance in iron oxide/H2O2 system. The iron (II, III) oxide
catalysts exhibited low iron leaching, good structural stability and no loss of performance in second
reaction cycle. The sorption on the surface of iron oxide with catalytic oxidation using hydrogen peroxide

datio
would be an effective oxi

. Introduction

Chemical oxidation is a powerful method for the remediation of
astewater and contaminated groundwater. The hydroxyl radical

•OH), very reactive chemical species is generated in aqueous solu-
ion by well-known Fenton’s reagent [1] (dissolved iron (II) + H2O2):

eII + H2O2 → FeIII + HO− + HO• (1)

Unlike the traditional Fenton’s reagent where the pH values have
o be lowered less than 4, the reaction between iron bearing min-
rals and hydrogen peroxide can effectively oxidize the organic
olecules at circumneutral pH [2–5]. This process is called Fenton-

ike or modified Fenton which could avoid the initial acidification

nd may be costly and destructive for the in situ remediation of
ontaminated groundwater and soils. Several studies have inves-
igated different iron oxide minerals for the Fenton-like reaction,
uch as ferrihydrite, hematite or goethite [2–5]. In heterogeneous

∗ Corresponding author. Tel.: +33 3 83 68 52 42; fax: +33 3 83 27 54 44.
E-mail address: khalil.hanna@lcpme.cnrs-nancy.fr (K. Hanna).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.089
n process for the contaminants.
© 2008 Elsevier B.V. All rights reserved.

Fenton-like reaction, the decomposition rate of organic contami-
nants is slower than in traditional Fenton reaction using dissolved
iron (II) at acidic pH. Recently, magnetite (Fe3O4) has been used
in the investigation of heterogeneous catalytic oxidation [6–9]. The
combination of oxidation states +2 and +3 in magnetite (giving an
average oxidation state of +2.5) aids to increase decomposition of
hydrogen peroxide, and enhance decomposition of organic contam-
inants [6–7].

Fenton-like process is a surface mineral-catalyzed system which
can be explained by heterogeneous reactions occurring at the iron
mineral surface [2–5]. The activity of the iron oxide used as catalyst
depends on its characteristics such as crystallinity [10–12], surface
area [10–13], iron content and/or iron oxidation state [8–9]. In the
surface-catalyzed mechanism, the interactions of H2O2 with iron
oxide surface lead to the formation of HO• radicals which attack
the pollutants in either sorbed or aqueous phases [2–5]. Watts et

al. [3] reported that different mechanisms may occur on the sur-
face at high H2O2 concentration and the sorption rate could be a
controlling factor of the whole catalytic oxidation reaction. The cat-
alytic activity for hydrogen peroxide decomposition and/or organic
compound oxidation were widely investigated using FeIII-bearing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:khalil.hanna@lcpme.cnrs-nancy.fr
dx.doi.org/10.1016/j.jhazmat.2008.11.089
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inerals of different surface areas [2–5,10–13]. In these works, the
uthors proposed that the surface area of the iron oxide accounts
or the difference in reaction activity and the decomposition rates
y goethite, ferrihydrite, and hematite were all relatively similar
hen normalized to surface area. In this work, two mixed iron (II, III)

xides were selected to study the heterogeneous Fenton-like reac-
ion. In addition to their structural FeII content, these oxides were
hosen because of their different crystallinities and surface areas,
hich could affect their catalytic properties. The catalytic perfor-
ance of iron (II, III) oxides was tested by taking into account their

eactivity for oxidation of RhB used as a model compound. The Rho-
amine B, xanthene dye, has become a common organic pollutant.

t is a very stable non-volatile dye usually used in factories, has a
omparatively high resistance to photo and oxidation degradation
14–15]. In this study, the decolourization rate of RhB solution in
n iron oxide/H2O2 system was investigated at different amounts
f H2O2 and exposed surface area per unit volume.

In order to evaluate the role of adsorption in the disappearance of
ollutant in heterogeneous Fenton reaction, sorption experiments
ere conducted under various chemical conditions (sorbate con-

entration, pH, ionic strength). FTIR analysis was also investigated
o describe the binding mechanism of RhB on the surface of iron
xide.

In fact, the deactivation of surface catalytic sites may be caused
y the adsorption/oxidation process and/or solid-dissolution reac-
ion in medium [10,16]. For this reason, XRD analysis was used
o analyze the iron oxide structure before and after exposure to
2O2. In addition, the dissolution of iron form oxide structure was

ested by chemical analyses and the presence of residue of organic
ompound on the oxide surface was tested by FTIR analysis.

. Materials and methods

.1. Chemicals

Rhodamine B (RhB) was procured from Sigma–Aldrich and used
s such. Hydrogen peroxide (H2O2 35%, w/w) was obtained from
erck. Table 1 summarizes the properties of RhB. Two commercial

ron (II, III) oxides were used in this study. The first (called M1) was
urchased from Aldrich Chemical Co. and the second (called M2)
rom Prolabo Co.
.2. Solid characterization

In order to identify the crystal structure of minerals, samples
f solids were analyzed by X-ray powder diffraction (XRD). The
RD data were collected with a D8 Bruker diffractometer, equipped

able 1
ome properties of the investigated dye.

ye Symbol M

RhB 47
aterials 166 (2009) 407–414

with a monochromator and a position-sensitive detector. The X-
ray source was a Co anode (� = 0.17902 nm). The diffractogram was
recorded in the 3–64◦ 2� range, with a 0.0359◦ step size and a
collecting of 3 s per point.

Reflection Mössbauer spectroscopy using MIMOS has been also
employed to determine the oxidation state of iron and the iron min-
eralogy on the surface of iron oxides. In the present analysis, the
MIMOS(II) source for the emission of characteristic g-rays was 57Co
which decays to the first excited state of 57Fe. Details of procedure
for MIMOS analysis are detailed in previous work [17].

The specific surface area of the iron oxides was determined
by multipoint N2–BET analysis using a Coulter (SA 3100) surface
area analyzer. The particle size distribution was measured by a
dynamic light-scattering method using Laser scattering particle
size (HARIBA, LA 200). The site density or the concentration of
the replaceable surface groups of magnetite was determined by
measurement of the amount of fluoride adsorption on the surface
[18]. Potentiometric titrations of the oxide were conducted in ther-
mostated double walled pyrex cell at 293 K in 0.001, 0.01 and 0.1 M
NaCl solutions according to the method of Parks and Bruyn [19].
The N2 gas was constantly passed through the suspensions to bub-
ble out the CO2. The pH value of the suspension was adjusted with
titrant solutions (HCl or NaOH) and recorded with the Orion pH
meter model 710A having combination glass electrode. The blank
titrations were also performed with similar solutions in the absence
of the solid. Hence, the estimated pH of zero point of charge, pHzpc,
for both iron oxides is close to the value reported in the literature
[20,21]. In addition, the electrophoretic mobility of the particles was
measured with a Malvern Zetasizer (NanoZS) as a function of pH in
10 mM NaCl solution and then the zeta potential was calculated
from the electrophoretic mobility [20,21]. The iso-electric point
(IEP) of iron oxides are in agreement with the point of zero charge
(PZC) determined by potentiometric titration (Table 2). The FeII con-
tent into oxide structure has been determined by chemical analysis
after acid dissolution. The 6 N HCl ensures the dissolution of the iron
oxide. Ferrous and total iron concentrations were determined using
a modified 1,10-phenanthroline method [22]. The FeII/FeIII ratio and
total iron content (Fetot) of two oxides are reported in Table 2. All
chemical analyses were performed in triplicate.

2.3. Sorption experiments
All equilibrium sorption experiments were conducted at 20 ◦C
in the dark at neutral pH. The solid samples were mixed with
variable solute concentrations. Results of adsorption kinetic exper-
iments indicated that more than 98% of RhB sorption was achieved
within 1 h. After equilibrium, the samples were filtered and ana-

w (g mol−1) pKa �max (nm) ε (L mol−1 cm−1) × 10−5

9.02 6.41 554 1.15 (pH 7)
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Table 2
Physicochemical properties of two investigated oxides.
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way to assess the goodness of fit of experimental isotherm data to
these equations is to perform an analysis of variance (ANOVA) with
error calculation. On the basis of the statistical analysis, the curves
were shown a best fit with Langmuir model for both solids. The
olid Fetot (wt.%) FeII/FeIII ratio Mean particle diame

1 70 ± 2 0.24 ± 0.2 <50 nm
2 70 ± 2 0.43 ± 0.2 <5 �m

yzed by UV–visible spectroscopy and sorbed concentrations were
alculated by difference according to:

e = (Ci − Ce)V
MsA

(2)

Where qe (mmol/m2) is the sorbed concentration, Ce (mmol/L)
s the equilibrium concentration at the end of the experiment, Ci
mmol/L) is the initial aqueous phase concentration, V (L) is the
olume of solution, Ms (g) is the mass of solid sorbent, and A (m2/g)
s the sorbent specific surface area. The sorption equilibrium exper-
ments were performed in triplicate. The standard deviation of the
hree replicates was less than 4%. Adsorption experiments versus
H were performed with a single initial solute concentration in a
00 mL closed reaction vessel at a constant temperature and in the
ark. The pH was controlled by adding HCl or NaOH to the stock
olid suspensions. Ionic strength effect on RhB sorption was con-
ucted using NaCl at various molar concentrations (1–100 mM) at
xed pH. The RhB concentration in solution can be determined
y measuring the absorbance using a UV–Vis spectrophotometer
PerkinElmer), using a 1 cm quartz cell. Calibration curves were
btained by using the standard RhB solutions with known concen-
rations at various pH (3–10).

A Fourier transform infrared spectrometer PerkinElmer 2000,
quipped with a KBr beam splitter and a MCT detector, was also
sed for sorption characterization by vibrational spectroscopy. The
pectral resolution and the total acquisition time were respectively
cm−1 and 5 min. FTIR spectra in diffuse reflectance mode were
ollected using Harrick DRA-2CI equipment. To perform the analy-
is, the solid samples were first diluted in a KBr matrix (5 wt.%). The
amples were mixed very gently with KBr in an agate mortar; so
hat these mixtures were not subjected to any elevated pressures.
he reflectances (Rs) of the sample and (Rr) of pure KBr, used as a
on-absorbing reference powder, were measured under the same
onditions. The iron hydroxide reflectance is defined as R = Rs/Rr.
he spectra is shown in pseudo-absorbance (−log R) mode.

.4. Oxidation experiments of RhB

The dye and the mixed oxide were stirred for 90 min to ensure
he adsorption equilibrium. After this period, 3 mL aliquot was
ithdrawn to determine the concentration C0 and then the oxi-
ant was added to the suspension. The solution pH was adjusted to
and kept within 0.1 pH units of this value with diluted solutions

f HClO4 and NaOH during the experiments.
During all the oxidation reactions, 3 mL aliquots were with-

rawn at selected time intervals, filtered and analyzed. When H2O2
as used as an oxidant in the absence of catalyst, oxidation of

he starting compound was always very slow. The decolourization
xperiments were monitored by UV–Vis spectrophotometer. All
xperimental runs were performed within a temperature of 20 ◦C in
he absence of light. Each experiment was performed in triplicates,
ll results were expressed as a mean value of the 3 experiments.

In addition, the Fe leaching behavior from solids or eventual
xide dissolution was evaluated along the experiments under dif-

erent conditions. ICP/AES (detection limit 1.5 �g/L) was used to

onitor the Fe concentration in reaction solution (with and without
2O2) versus time.

H2O2 was measured using the modified N,N-diethyl-p-
henylenediamine DPD method [23]. This method measures H2O2
SSA (m2/g) Site density (�mol/m2) PZC IEP

40 ± 3 1.7 ± 0.1 7.8 8.0
2.4 ± 0.2 3.6 ± 0.2 7.4 7.2

concentrations over the range 5–50 �mol L−1. Because the H2O2
concentrations in the experimental reactors were above this range,
each sample was diluted. 0.5 mL of phosphate buffer (pH 6.0) and
5 mL aliquot of diluted sample was mixed in the reaction vial. An
aliquot of 50 �L of DPD reagent (3.8 × 10−2 M in 0.1 M H2SO4) fol-
lowed by 50 �L (100 units mL−1) of horseradish peroxidase were
then added to reaction vial. The cell was manually shaken for a
minute for color development. Absorbance readings were taken at
551 nm using a UV–Vis spectrophotometer.

3. Results and discussion

3.1. Characterization of solid samples

The diffractograms of both iron oxides are shown in Fig. 1. Five
diffraction peaks at 2� = 21.2◦, 35◦, 41.2◦, 50.4◦ and 62.8◦ are shown
in the XRD diffractogram (Fig. 1), which could be assigned to Fe3O4,
magnetite [24]. The d-space values of these main peaks were 2.53,
2.96, 2.09, 4.85 and 1.71 Å which may correspond to the more
intense lines 311, 220, 400, 111 and 422, respectively of magnetite
[24]. Therefore, the spectra of solid M2 may correspond to that of
the magnetite [24], which can be confirmed by Mössbauer analy-
sis. It should be noted that the XRD pattern of M1 shows the same
peaks which are less intense. The broad nature and low intensity
of the peaks in the spectra of M1 can result from nanosized parti-
cles (Table 2) which may exhibit a poor crystallinity [24,25]. Some
surface properties of two iron oxides are reported in Table 2.

3.2. Sorption of RhB on M1 and M2

Sorption isotherms were determined to assess RhB distribution
between solid and aqueous phases and to investigate the effect of
contaminant sorption on the catalytic oxidation (Fig. 2). The exper-
imental isotherm data were fitted to the equations of Langmuir,
Freundlich and Tempkin by applying linear regression analysis. One
Fig. 1. XRD of M1 and M2.



410 X. Xue et al. / Journal of Hazardous Materials 166 (2009) 407–414

l

w
c
n
s
b
L
a
a

t
c
o
i
s
a
t
s
f
f
d
e
c
T
t
m
2

c
c
s
t
o
f
o
m
e
a
e
t
e
m
s
i
a
a

No significant difference of RhB sorbed spectrum was observed
for M1 or M2, so the same type of surface complex may occur
on the surface of both iron oxides. So, the sorption mechanism
of RhB on both oxides seems to be identical at both the studied
Fig. 2. Sorption isotherms of RhB at pH 7.

inear form of the Langmuir equation is given by:

Ce

qe
= 1

KL
+ aL

KL
Ce (3)

here aL (L/mmol) and KL (L/m2) are the Langmuir isotherm
onstants. Langmuir monolayer sorption capacity (mmol/m2) is
umerically equal to KL/aL. An increasing RhB concentration
howed a progressive saturation of the surface sites. On surface area
asis, the sorption intrinsic capacity of M2 is higher than of M1. The
angmuir isotherm constants obtained by plotting Ce/qe against Ce

re aL = 36 L/mmol and KL = 0.0095 L/m2 for M1, aL = 153.5 L/mmol
nd KL = 0.101 L/m2 for M2.

In general, the sorption behavior versus pH could be attributed
o a combination of pH-dependent speciation of sorbate, surface
harge characteristics of the mineral oxides. For M1, RhB sorption
nto oxides slightly increased with increasing pH from 3 to 7, while
t decreased with increasing pH for solid M2 (Fig. 3a.). No electro-
tatic interactions between the carboxyl groups in the dye (pKa 6.41)
nd positively charged iron sites are expected. Above pH 7, the sorp-
ion stayed almost constant for both solids, even though both the
orbate and the surface sorbent were negatively charged. The sur-
ace charge of solids deduced from the zeta potential curve varies
rom positive to negative, according to the point of zero charge
ue to deprotonation of surface hydroxyls (Fig. 3b). Therefore, no
lectrostatic repulsions between the increasingly negative surface
harge and the deprotonated carboxylic group of RhB are expected.
his data was not consistent with some studies where the adsorp-
ion envelope of organic acids bound to iron oxide typically showed

aximum adsorption at a pH near the pKa [26,27 and refs cited in
7].

Effect of ionic strength on RhB sorption was investigated by
onducting sorption equilibrium experiment at different NaCl con-
entrations (from 1 to 100 mM of NaCl) at 20 ◦C. Less than 5% of
orption was decreased by the introduction of NaCl ions, implying
hat the ionic strength did not affect the sorption behavior to iron
xide surface. Because Cl− can associate with the iron oxide sur-
ace as outer-sphere complexes and RhB sorption was independent
n ionic strength including NaCl, it can be concluded that sorption
echanism of RhB on oxide surfaces was stronger than non-specific

lectrostatic interactions or outer-sphere complexes. In accord with
ll data listed above, the surface complexation mechanism was
xpected for RhB sorption on both iron oxides. By analogous struc-
ure with some carboxylate compounds, the adsorption of RhB
xpected to occur via the carboxylic group of RhB through the for-

ation of a mononuclear monodentate complex with iron surface

ites [27 and refs cited in it]. The IR spectra of RhB equilibrated with
ron oxide were recorded at wavelength range 2000–1000 cm−1

t two pH values 3 and 7 (Fig. 4). The peaks at 1592 cm−1 and at
round 1500 cm−1 correspond to aromatic ring vibrations, while
Fig. 3. RhB sorption (a) and Zeta potential measurements (b) versus pH of both iron
oxides.

the 1345 cm−1 peak attributes to C-aryl bond vibration. The peak at
1648 cm−1 is caused by vibrations of the C N bond [14]. The C O
is associated with the band at 1694 cm−1 and the C OH bond with
the group of bands in the range 1088–1300 cm−1 [28]. In fact, it
was not possible from the FTIR results to determine the preferred
binding site for RhB sorption. The IR spectrum of RhB sorbed onto
iron oxide surface is almost unchanged with the increase in pH
(3 to 7). The overall intensity of adsorbate spectra depended on
solid type and pH value, corroborating the batch sorption data.
Fig. 4. Infrared spectra of solid samples equilibrated in the dark in RhB (5 mM) at
two pH values.
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H values even though the sorption edges did not reveal a similar
rend.

.3. Effect of H2O2 dose on decolourization rate of RhB solution at
eutral pH

The oxidation kinetics was studied to quantitatively character-
ze the decolourization at neutral pH in the presence of 2 g/L of iron
xide. Preliminary test showed that no significant photochemical
eaction of RhB was observed by natural light under our experi-
ental conditions.
Hydroxyl radical can be generated by the reaction between

ydrogen peroxide and iron surface leading to a decolourization
f RhB solution. The degradation of organic compounds by HO• is
ypically described as a second-order reaction:

dC

dt
= −kC[HO•] (4)

here C and [HO•] are concentrations of RhB in water and hydroxyl
adical, respectively, k is the second-order rate constant, and t is
he reaction time. By assuming that HO• instantaneous concentra-
ion is constant, the kinetics of decolourization of RhB in water can
e described according to the pseudo-first-order equation as given
elow:

t = C0 exp(−kappt) (5)

here C0 is the initial concentration of RhB and kapp is the pseudo-
rst-order apparent rate constant (min−1). The kapp constants were
btained from the slopes of the straight lines by plotting −ln(Ct/C0)
s a function of time t, through regression.

The kinetic constants rate kapp were determined at different
2O2 concentrations (Fig. 5). At all ranges of H2O2/Fe ratio, M2
xhibits better oxidation capacity than M1. Since the decolour-
zation of RhB solution is directly related to the concentration of
he hydroxyl radicals produced by the catalytic decomposition of
ydrogen peroxide, more RhB decomposition is expected when
ydrogen peroxide dosage increases. However, a decrease in the
alues of kapp was observed at a much higher H2O2 concentration
Fig. 5). The occurrence of this optimum H2O2 concentration for
he effective degradation of the dye could be explained by the scav-
nging effect of hydroxyl radicals by hydrogen peroxide. A similar
bservation was noted earlier for the degradation of organic com-

ounds by Fenton-like reactions using goethite as catalyst [29]. At

ow H2O2 concentration, the HO• radicals preferentially attack the
ubstrate molecules, whereas at higher H2O2 concentration, there
s a competitive reaction between the substrate and H2O2. The
OH radical may react with hydrogen peroxide producing super-

ig. 5. Effect of H2O2/Fe ratio on the decolourization kinetic constant of RhB.
2O2/Fe (molar ratio) = 5–150, [RhB] = 5 mg/L, [Iron (II, III) oxide] = 2 g/L, 20 ◦C, pH
.
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oxide/hydroperoxy radicals according to Eq. (6):

•OH + H2O2 → HO2
•/O2

•− + H2O (6)

Buxton et al. [30] have determined the reaction rate of H2O2
with hydroxyl radical (k = 2.7 × 107 M−1 s−1). Because the pKa of
HO2

•/O2
•− is 4.8, generation of hydroperoxide anion HO2

• may be
neglected at neutral pH. The generated radicals O2

•− are much less
reactive and do not contribute to any oxidation of RhB [2]. O2

•−

plays an important role in the redox cycle of Fe2+ and Fe3+ in aque-
ous phase and generates oxygen as a byproduct but the interactions
of superoxide/hydroperoxy radicals with the iron mineral surface
are not yet well argued:

O2
•− + Fe3+ → O2 + Fe2+ (7)

HO2
•/O2

•− + Fe2+ → HO2
− + Fe3+ (8)

3.4. H2O2 decomposition and RhB removal versus exposed surface
area per unit volume

The H2O2 decomposition versus time at various surface area for
M1 (A) and M2 (B) is presented in Fig. 6. Good linear plot obtained
with the expressions of ln([H2O2]/[H2O2]0) as a function of the reac-
tion time, indicates that the H2O2 decomposition is the first-order
reaction.

d[H2O2]
dt

= −kapp[H2O2] (9)

where kapp = k[SSA].
[SSA] means the amount of specific surface area per unit volume

(m2/L). The H2O2 decomposition rate kapp (min−1) was plotted as
a function of [SSA] (Fig. 7). The good linear relationship (R2 = 0.99)
between the rate constant and [SSA] indicates that the H2O2 decom-
position is the first-order reaction with oxide surface area. The
results clearly indicate that this is the surface reaction because the
increase of surface area provides more active sites for catalytic oxi-
dation. The second-order rate constant (k) obtained from the plot of
observed first-order rate constant for H2O2 decomposition versus
[SSA] is 3.10−4 min−1 (m2/L)−1 for M2 and 8.10−5 min−1 (m2/L)−1

for M1. The H2O2 decomposition versus time at 1 g/L for both oxides
is shown in Fig. 6C. The H2O2 decomposition rate was higher for M2
than M1 based on surface area basis, while the trend is opposite
based on mass basis.

The decolourization of RhB solution was also investigated at var-
ious [SSA]. The good linear plot obtained with the expressions of
ln([RhB]/[RhB]0) as a function of the reaction time, allows deter-
mining the first-order kinetic constant:

d[RhB]
dt

= −kapp[RhB] (10)

A plot of observed first-order rate constant kapp (min−1) for dye
removal as a function of [SSA] is shown in Fig. 8. In contrast with
the result of Fig. 7, the RhB removal was not proportional to the
oxide surface area. The observed first-order rate constant for dye
removal firstly increased with increasing [SSA] and then reduced.
This phenomenon can be explained from the assumption that OH
radical generated by the reaction between hydrogen peroxide and
iron oxide is scavenged by iron surface. Miller and Valentine [11]
reported that OH radical is very reactive with natural iron oxide-
coated sand (k = 8 × 1011 (g/mL)−1 s−1). Regarding this data (Fig. 8),
M2 exhibits better oxidation performance than M1 at full range of
studied [SSA] (3–40 m2/L). Furthermore, M1 seems to be a more
radical scavenger than M2, where the SSA optimum occurred at

about 17 m2/L for M1 and at 32 m2/L for M2.

Oxidation efficiency was assessed by the following equation:

E
(

mole
mole

)
= �[RhB]

�[H2O2]
(11)



412 X. Xue et al. / Journal of Hazardous Materials 166 (2009) 407–414

Fig. 6. H2O2 decomposition at various [SSA] of M1 (A) and M2 (B) and at 1 g/L of
both solids (C). [H2O2] = 1 mM, 20 ◦C, pH 7.

Fig. 7. H2O2 decomposition rate versus [SSA]. [H2O2] = 1 mM, 20 ◦C, pH 7.
Fig. 8. Effect of [SSA] on the decolourization kinetic constant of RhB.
[H2O2] = 150 mM, 20 ◦C, pH 7.

where E(mole/mole) is the stoichiometry efficiency while �[RhB]
and �[H2O2] represent the variation in molar concentration of RhB
and H2O2 as a function of [SSA]. A high E value means a high reac-
tion yield between RhB and hydroxyl radicals. Fig. 9 shows that E for
dye removal is inversely proportional to the amount of oxide sur-
face area, corroborating that iron surface can act as an OH radical
scavenger. A sharp decrease in oxidation efficiency (E) was observed
for M1, while a first rise in the E value before a slow decrease was
observed for M2. On the basis of this data, M1 seems to be less
reactive and more HO• scavenged in comparison with M2. This dif-
ference in oxidation efficiency might be due to difference in mineral
structural properties (crystallography, FeII content). Valentine and
Wang [10] reported that an amorphous iron oxide has more vacant
Fe sites and OH groups able to scavenge hydroxyl radicals than crys-
tallized iron oxides. Valentine and Wang [10] and Huang et al. [12]
showed that the hydrogen peroxide decomposition rate was the
highest for ferrihydrite, less for semicrystalline oxide, and much
less for goethite or hematite (high crystallized oxide). However,
they also affirmed that the catalytic activity for organic compound
oxidation exhibited a converse series for these iron oxides, corre-
sponding to the inverse sequence of specific surface area. Indeed,
an amorphous iron oxide with high surface area may improve the
decomposition of H2O2 via non-radical pathway [4,5]. However, it
should be noted that the reaction of H2O2 decomposition would not

be expected to yield a simple dependence of HO• generation rate.

In the present study, the H2O2 decomposition rate was higher
for M2 than for M1 when normalized to the oxide surface area.
However, the trend is inversed when based on oxide mass basis

Fig. 9. Oxidation efficiency (E) versus [SSA].
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M1 (40 m2/g) > M2 (2.4 m2/g)). On the basis of both mass and sur-
ace area, the dye decolourization rate was higher for M2 (high
rystallinity, 2.4 m2/g) than for M1 (low crystallinity, 40 m2/g).
his discrepancy may be probably due to the fact that the sur-
ace reactivity of the mixed oxides depended on surface properties
uch as structural FeII content. Firstly, FeII plays an important role
or the initiation of the Fenton reaction according to the classical
aber–Weiss mechanism and therefore the enhancement of the
roduction rate of •OH [2,31]. Heterogeneous reactions analogous
o the solution phase reactions were used to explain the interactions
etween oxidant and iron surface:

FeII + H2O2 → FeIII + HO− + HO• (12)

FeIII + H2O2 → FeIII(H2O2) (13)

FeIII(H2O2) → ( FeII·O2H) + H2O (14)

FeII·O2H) → FeII + HO2
• (15)

In mineral catalyzed reaction, the dominant reaction is first a
hain of reactions occurring on the mineral surface. If only FeIII is
riginally present, FeII is slowly generated by reactions (13)–(15)
nitiating oxidation reaction (12). In the case of mixed FeII–FeIII-
earing mineral, reactions involving both FeII and FeIII may occur.
herefore, the presence of iron (II) in the Fe-bearing minerals can
nhance the production rate of HO• [2,31–33].

.5. Structural and catalytic stabilities

The action of H2O2 on the oxide surface can transform the oxide
articles into a only FeIII-bearing mineral or into a amorphous iron
xide which may be less stable and more soluble. This mineralogi-
al transformation may lead to a substantial change in the surface
haracteristics of the mineral, causing a different kinetic behavior
nd decomposition rate for H2O2. The very low dissolved iron con-
entration measured in all our studied systems did not expect the
ormation of more soluble iron oxide. Furthermore, chemical anal-
sis, XRD analysis of both oxides was conducted before and after
xposure to H2O2. The chemical analyses of the solid after reaction
evealed no significant change in the total Fe loading. In addition,
RD patterns recorded at the end of oxidation reaction was found

o be similar to that recorded before reaction (Fig. 1).
The reusability of the solids has been evaluated under identical

xidation conditions as explained in our previous work [9]. At the
nd of the oxidation process, the solid is easily removed from the
eactor, dried in the glovebox under N2 and stored at ambient tem-
erature. The FTIR spectrum of the recovered solid was recorded at
avelength range 2000–1000 cm−1. It is noted that the absorption
eaks for sorbed RhB in the range 1000–1700 cm−1 (Fig. 4) almost
isappeared and there is no residue of organic compounds on the
urface of the solid. The H2O2 decomposition and RhB decolouriza-
ion on the recovered catalyst were then investigated as for previous
xperiments and showed a slight difference with the first oxida-
ion cycle. The excellent stability of the catalytic activity could be
ttributed to the low loss of iron content during oxidation cycles
nd to the structural stability of the solid.

. Conclusion

The removal rate of organic compound by Fenton-like oxida-
ion firstly increased with the dosage of H2O2 or with the amount
f exposed surface area, reached an optimum value and then

ecreased. The occurrence of these optimum values for the effec-
ive degradation of the dye could be explained by the scavenging
nd parasite reactions with (i) H2O2 or (ii) iron oxide surface. Only
eterogeneous Fenton reaction happened for the decolourization
f Rhodamine B (RhB) because Fe leaching from the oxide surface

[

[

aterials 166 (2009) 407–414 413

is negligible at neutral pH. M2 exhibits important intrinsic reactiv-
ity for RhB decolourization or H2O2 decomposition. On surface area
basis, RhB sorption and H2O2 decomposition rates on the surface
of oxide were higher for M2 (high crystallinity and FeII/FeIII ratio)
than for M1 (low crystallinity and FeII/FeIII ratio). M2 exhibits better
oxidation efficiency for dye removal than M1 on the basis of both
mass and surface area. The decomposition of RhB on M2 is higher
than M1 even though the sorption mechanism of RhB on the sur-
face of both oxides revealed a similar trend. The site density and
sorption ability of RhB on catalyst surface may also influence the
oxidation performance in iron oxide/H2O2 system. The iron oxide
catalysts exhibited low iron leaching, good structural stability and
no loss of performance in second reaction cycle. The sorption on
the surface of iron oxide with catalytic oxidation using hydrogen
peroxide would be an effective oxidation process for the contami-
nants.
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