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a b s t r a c t
In this study, the heterogeneous Fenton degradation of cationic and anionic dyes catalyzed by a series
of Cr-containing magnetites (Fe3−x Crx O4 , x = 0.00, 0.18, 0.33, 0.47 and 0.67) has been investigated under
neutral pH conditions. Methylene blue (MB) and acid orange II (AOII) were chosen as models of cationic
and anionic contaminants. Emphases were laid on the comparison of degradation characteristic between
MB and AOII and the effect of Cr substitution on the degradation efﬁciency of both dyes. The octahedral
occupancy of Cr3+ increased the BET surface area and superﬁcial hydroxyl amount of magnetite, resulting
in an improvement of adsorption ability of MB. However, these Cr-containing magnetites showed no
adsorption to AOII. The MB degradation, following the Langmuir–Hinshelwood model, was well ﬁtted by
zero-order equation while AOII degradation following the Eley–Rideal model, was well ﬁtted with twostage pseudo-ﬁrst-order kinetics. The Cr incorporation signiﬁcantly improved the catalytic activity of
magnetite in heterogeneous Fenton reaction, but the extent of improvement varied with the substitution
level. These new insights are of high importance for the environmental application of metal substituted
magnetites in the puriﬁcation of textile wastewater.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The growing interest in the application of transition metal
substituted magnetites as heterogeneous Fenton catalysts in the
degradation of organic pollutants (e.g. dyes, phenol and hydroquinone) has been evoked in the past few years [1–4], due to high
degradation efﬁciency around neutral pH, easy recycle of catalyst
in practical wastewater puriﬁcation [5] and prevalence as natural minerals on the earth surface [6]. So far, several metal cations,
such as Ti4+ [7], V3+ [8], Mn2+ [4], Co2+ [4] and Cr3+ [3], have been
reported as active components to increase the Fenton catalytic
activity of magnetite. It has been widely acknowledged that the
catalytic activity of magnetite is greatly dependent on the species,
valence and occupancy of substituting metals [9–11]. Substituting metals exhibiting thermo-dynamically favorable redox pairs
(e.g. Co2+ /Co3+ ) can improve the catalytic activity of magnetite by
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accelerating the electronic transfer to produce the active species
Fe2+ for the Fenton reaction [1]. The catalytic activity relies on the
octahedral cations rather than the tetrahedral ones, as the octahedral sites are almost exclusively exposed at the surface of the
spinel structure (Fig. 1) [12]. These experimental evidences have
greatly promoted the application of transition metal substituted
magnetites in environmental engineering.
In the studies on Fenton catalytic activity of substituted magnetites, cationic dye, methylene blue (MB) is the mostly used
model pollutant. Oliveira and co-workers investigated the individual effect of Mn, Co and Cr substitution on the Fenton catalytic
activity of magnetite for MB degradation [1,3]. It was concluded
that these substitution remarkably improved the MB degradation,
ascribed to the increase of catalytic activity for H2 O2 decomposition. However, the changes of adsorption and its inﬂuence on
degradation efﬁciency were unexpectedly neglected. In fact, these
substituted cations increased the amount of surface hydroxyl.
Under the studied neutral pH, since the point of zero charge (PZC)
of magnetite is about 6.8, the increase of surface hydroxyl amount
would certainly enhance the cationic MB adsorption on magnetite
surface with negative charge through electrostatic interaction (Eqs.
(1) and (2)) [13,14]. As comﬁrmed by previous research [15,16], the
increase of dye adsorption accelerates its degradation. Therefore,
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Fig. 2. The structural formula for: (A) methylene blue and (B) acid orange II.

application of natural magnetites in pollution controlling and environmental remediation.
2. Experimental
Fig. 1. The unit cell of magnetite.

2.1. Preparation of Fe3−x Crx O4
the variation of adsorption should not be ignored while investigating the effect of metal substitution on catalytic activity of
magnetites.
M OH + − OH ↔ M O− + H2 O
−

+

M O + MB ↔ M O

−+

MB

(1)
(2)

The adsorption behavior is closely related to not only the surface
properties of adsorbent, but also the pollutant characters. Based
on the signiﬁcant effect of adsorption on degradation process, the
inﬂuence of pollutant type should inevitably be regarded while
testing the catalytic activity. To the best of our knowledge, transition metal substituted magnetites have been available as Fenton
catalysts in the degradation of cationic dye (e.g. MB), but they have
seldom been tested in anionic dye decomposition. Moreover, comparison of degradation characteristics between cationic and anionic
dyes in this kind of heterogeneous Fenton reaction system has
hardly been systematically researched. These two problems are certainly not good for the application of substituted magnetites in the
puriﬁcation of textile wastewater.
In the current study, the applicability of substituted magnetite as Fenton catalyst in the degradation of cationic (MB) and
anionic (acid orange II) model dyes was investigated. pH was
selected at neutral condition to avoid the iron leaching and occurrence of homogeneous Fenton reaction. Due to the prevalence of
chromium substitution in the natural magnetite minerals [17],
chromium substituted magnetite (Fe3−x Crx O4 ) was chosen as the
example of substituted magnetites. As prolonged exposure to Cr(III)
species could cause skin allergies and cancer in human beings [18],
chromium dissolution was tracked during the dye degradation.
MB (pKa > 12) is a heterocyclic aromatic chemical compound with
the molecular formula C16 H18 N3 SCl (Fig. 2A) [19]. Acid orange II
(AOII, pKa1 = 1.0, pKa2 = 11.4) is an anionic dye with the formula
C16 H11 N2 NaO4 S (Fig. 2B), which is usually chosen as one of the
model azo dyes in literature [20,21]. Azo dyes are a major class of
synthetic colored organic compounds that account for about half
of the textile dyestuffs used today [22]. The main object of the
present study is to make the comparison of degradation characteristics between cationic and anionic model dyes in heterogeneous
Fenton reaction and elucidate the effect of metal substitution on
the degradation efﬁciency of both two dyes by magnetites. The
new insights obtained in this study are of high importance for

All chemicals and reagents used in this work were of analytical grade and used as received. Magnetite samples with
different Cr substitution extent were prepared by using a
precipitation–oxidation method [23]. Predetermined amounts of
FeSO4 ·7H2 O and CrCl3 ·6H2 O were dissolved in HCl solution
(total metal cation concentration was about 0.90 mol L−1 ). 1.0 mL
hydrazine was added to prevent the oxidation of Fe2+ cations, and
pH was low enough (<1) to prevent Fe2+ oxidation and hydroxide
precipitation. This solution was heated to 90–100 ◦ C. Equal volume
of a solution containing 4.0 mol L−1 NaOH and 0.90 mol L−1 NaNO3
was added dropwise (10 mL min−1 ) into the heated iron solution
and the reaction was maintained at 90 ◦ C for 2 h, while stirring at
a rate of 500 rpm. Then, the solution was cooled to room temperature. It was necessary to emphasize that during the reaction, N2
was passed through to prevent the oxidation of Fe2+ by air. The particles were then separated by centrifugation at 3500 rpm for 5 min
and washed with boiling distilled water, followed by an additional
centrifugation. After 3–4 washings, the particles were collected and
dried in a vacuum oven at 100 ◦ C for 24 h. Also, Fe3 O4 was synthesized using the above procedure without adding CrCl3 ·6H2 O. All the
samples were ground and passed through a 200 mesh screen.
2.2. Characterization of Fe3−x Crx O4
The chemical composition of Fe3−x Crx O4 was obtained by chemical analyses. The contents of Fe and Cr in the prepared samples
were determined spectrophotometrically by the phenanthroline
and 1, 5 diphenylcarbohydrazide methods. The value of x in the formula Fe3−x Crx O4 was obtained from the chemical analysis results.
Power X-ray diffraction (PXRD) were recorded between 10◦ and
80◦ (2) at a step of 1◦ min−1 using a Bruker D8 advance diffractometer with Cu K␣ radiation (40 kV and 40 mA).
Speciﬁc surface area measurements were carried out by using
the BET method on the basis of the N2 physisorption capacity at
77 K on an ASAP 2020 instrument. All the samples were degassed
at 433 K for 12 h before test.
The PZC of magnetite samples was detected by the potentiometric titration (PT) method [24]. The sample was mixed with NaCl
solutions of different concentrations (c) to obtain 1 g L−1 magnetite
suspensions in which the ﬁnal concentrations of NaCl are 0.001,
0.010, and 0.100 mol L−1 . When the change in pH value did not
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exceed 0.02 pH unit in 5 min, the amount of acid or base added and
the potential value of the suspension were recorded and used to
calculate the adsorption amounts of H+ and OH− . Finally, PT curves
were obtained by plotting (OH− and H+ ) versus pH for different c
values.
The Cr K-edge X-ray absorption near-edge structure (XANES)
spectra of Fe3−x Crx O4 samples and reference compounds were collected at Shanghai Synchrotron Radiation Facility (SSRF), on the
new Wiggler beamline BL14W1. The storage ring operating conditions were 3.5 GeV electron energy and 150–300 mA electron
current. The used beam size at the sample position was about
200 m × 200 m. A Si (1 1 1) double crystal monochromator was
used in these experiments. XANES data for all the samples was collected in the transmission mode. Data analyses were performed
using IFEFFIT software package. All the spectra have been normalized to eliminate the inﬂuence of the target element content. The
absorption edge is deﬁned as the maximum of derivative at the
absorption edge.
Thermogravimetric (TG) analyses were performed on a Netzsch
STA 409 PC Instrument. About 20 mg of ﬁnely ground sample was
heated in a corundum crucible from 30 to 1000 ◦ C at a heating
rate of 10 ◦ C min−1 under N2 atomosphere (60 cm3 min−1 at normal
temperature and pressure).
2.3. Catalytic activity test of Fe3−x Crx O4
The heterogeneous Fenton degradation experiments were carried out in a conical ﬂask (containing 250 mL of reaction solution)
at 25 ◦ C. The dosage of catalyst was 1.0 g L−1 while the concentrations of model dye (MB or acid orange II) and H2 O2 were 0.2 and
80 mmol L−1 . All the experiments were carried out under constant
stirring to make the catalyst well dispersed. The initial pH 7.0 of
solution was adjusted by H2 SO4 and NaOH. Before adding H2 O2 , the
suspension containing catalyst and dye was stirred for 1 h, predetermined time for achieving adsorption equilibrium (Fig. S-1). Then
the degradation reaction was initiated by adding H2 O2 into the dye
solution. At given intervals of degradation, an aliquot of 3.0 mL solution was taken out and immediately treated with equal volume
of prepared stabilizing reagent. The prepared stabilizing reagent
contained 0.1 mol L−1 Na2 SO3 and 0.05 mol L−1 NaOH [25,26]. The
sample was then centrifuged for 3 min and the supernatant was
analyzed by UV–vis spectroscopy UV-7504 at max = 665 nm for
MB, and max = 484 nm for AOII. Different H2 O2 concentrations (80,
64, 48, 32 and 16 mmol L−1 ) and different initial pH (3.0, 5.0, 7.0
and 9.0) were tested for AOII degradation, without changing other
parameters as mentioned above.
The pH of reaction system was monitored by a PHS-3C pH meter
(Rex Instrument Factory, Shanghai, China). The concentrations of
leaching Fe and Cr ions during the degradation were determined
on a PE-3100 ﬂame atomic absorption spectrophotometer (FAAS)
with the hollow-cathode lamps operate at the wavelength of 248.3
and 357.9 nm.
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Fig. 3. XRD patterns for the series Fe3−x Crx O4 .

the prepared samples have spinel structure. Table 1 also shows the
lattice parameter a0 , crystal size, BET speciﬁc surface area and PZC
of Fe3−x Crx O4 . The Cr substitution does not obviously change the
lattice parameter a0 and crystal size. But the speciﬁc surface area
obviously increases with the increment of Cr content.
XANES characterization was carried out to probe the valence and
occupancy of chromium in Fe3−x Crx O4 structure (Fig. 4). Compared
to the traditional techniques of FTIR and Mössbauer spectroscopy
that just provide the structural changes of iron and do not reﬂect
the occupancy changes of the substituting cations with enough precision, XANES can in situ probe the coordinated environment of the
target cations [27,28]. The pre-edge and absorption edge position
values of the spectra in Fig. 4 are summarized in Table 2. For Cr0
in Co foil, Cr3+ in Cr2 O3 and Cr6+ in CrO3 , their energy positions of
absorption edges shift to higher energy value with the increasing
valence (Table 2). For octahedral Cr3+ in normal spinel FeCr2 O4 , its

3. Results and discussion
3.1. Characterization of Fe3−x Crx O4
From the chemical analysis results (Table 1), it can be seen
that the proportion between chromium and iron contents increases
with the increase of chromium substitution extent, indicating the
substitution of Cr for Fe. The chemical formulae of all the prepared samples calculated from the chemical analysis results are
also shown in Table 1.
The XRD patterns of Fe3−x Crx O4 (Fig. 3) well correspond to the
standard card of magnetite (JCPDS: 19-0629), conﬁrming that all

Fig. 4. Cr K-edge XANES spectra of Cr foil, Cr2 O3 , CrO3 , FeCr2 O4 and series
Fe3−x Crx O4 .
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Table 1
Chemical analyses, lattice parameter a0 , crystal size, speciﬁc surface area and PZC of Fe3−x Crx O4 .
Samples

Chemical analyses Cr/Fe

Lattice parameter a0 (nm)

Crystal size (nm)

Speciﬁc surface area (m2 g−1 )

PZC

Fe3 O4
Fe2.82 Cr0.18 O4
Fe2.67 Cr0.33 O4
Fe2.53 Cr0.47 O4
Fe2.33 Cr0.67 O4

0
0.060
0.114
0.173
0.266

8.411
8.391
8.406
8.394
8.384

43
25
27
32
26

27.84
61.94
88.60
76.71
111.92

6.82
6.74
6.75
6.69
6.79

Table 2
The pre-edge and absorption edge position value for Cr K-edge XANES spectra of
Fe3−x Crx O4 and reference samples.
Materials

E (Pre-edge) (eV)

E (Edge) (eV)

Cr foil
Cr2 O3
CrO3
FeCr2 O4
Fe2.67 Cr0.33 O4
Fe2.53 Cr0.47 O4
Fe2.33 Cr0.67 O4

No peak
5987.7
5993.7
5987.8
5990.2
5990.2
5990.2

5989.2
5998.5
6007.2
6000.5
6000.7
6000.7
6000.7

absorption edge position is close to that of Cr3+ in Cr2 O3 . For Cr
cations in Fe3−x Crx O4 , their K-edge positions are also quite close to
those of Cr3+ in Cr2 O3 and FeCr2 O4 , but far from those of CrO3 and Cr
metal (Table 2). Moreover, the peak proﬁles of Fe3−x Crx O4 are also
similar to that of spinel FeCr2 O4 containing octahedral Cr3+ . These
two evidences indicate that Cr cations in Fe3−x Crx O4 are mainly
Cr3+ .
The intensity of the pre-edge peak varies with the coordination
environment of the target element [29,30]. For Cr foil, Cr atoms
have a cubic symmetry and its XANES spectrum does not show any
pre-edge peak (Fig. 4 and Table 2). For ␣-Cr2 O3 with Cr atom occupying a distorted octahedral site [31], its XANES spectrum shows a
weak pre-edge peak (Fig. 4). By contrast, for CrO3 where Cr atom
occupies a distorted tetrahedral site, a strong pre-edge peak can
be observed. In the case of chromite (FeCr2 O4 ) with normal spinel
structure, Cr3+ cation occupies a distorted octahedral site and its
pre-edge peak is quite weak [32]. The quite weak pre-edge peaks of
Cr3+ in Fe3−x Crx O4 suggest that Cr3+ mainly occupy the octahedral
sites rather than tetrahedral ones.
Under N2 atmosphere, two mass losses are recorded in the TG
curves for all the Fe3−x Crx O4 samples (Fig. 5). The ﬁrst mass loss,
observed from ca. 30 to 120 ◦ C, corresponds to the dehydration,
while the other one, from ca. 150 to 500 ◦ C, is assigned to the
dehydroxylation [33]. Obviously, the mass loss resulted from the

Fig. 5. Thermogravimetric proﬁles of Fe3−x Crx O4 samples under N2 .

dehydroxylation increases with the increase of the chromium substituting level, indicating that the Cr incorporation increases the
surface hydroxyl amount of magnetite. The surface hydroxyl ( OH)
groups are functional groups of iron oxides and have a vital inﬂuence on surface adsorption [34], photocatalysis [35] and surface
acidity (Brønsted acid) [36]. The overall density of surface hydroxyl
is related to the crystal structure and extent of the development of
different crystal faces [37]. From XANES results, the incorporation
of chromium results in a slight distortion of the magnetite lattice,
leads to the increase in surface hydroxyl amount [38].

3.2. Catalytic activity test of Fe3−x Crx O4
3.2.1. Decolorization of MB and AOII
Fig. 6 shows the degradation processes of cationic (MB) and
anionic (AOII) model dyes through heterogeneous Fenton reaction catalyzed by series of Fe3−x Crx O4 around neutral pH. Before
adding H2 O2 , the decolorization of model dyes only relied on
the adsorption by Fe3−x Crx O4 . For MB, its removal rate was 2.4%,
3.2%, 15.3%, 22.0% and 25.0% through the adsorption by Fe3 O4 ,
Fe2.82 Cr0.18 O4 , Fe2.67 Cr0.33 O4 , Fe2.53 Cr0.47 O4 and Fe2.33 Cr0.67 O4 ,
respectively, increasing with the increment of Cr substitution level
(Fig. 6A). But for AOII, its removal rate by adsorption was quite
low (<1%) and did not show obvious variation when the catalysts
contained different Cr contents (Fig. 6B). This completely different
adsorption behaviors of MB and AOII on Fe3−x Crx O4 was attributed
to the surface charge of magnetite. According to the pHpzc of
Fe3−x Crx O4 (Table 1) and the pKa > 12 of MB, the investigated
magnetites were with weakly negative charge and MB existed as
cations at neutral pH, resulting in a strong positive-charge-induced
dipole–dipole interaction with a weak electrostatic interaction
between magnetite and MB. The negative surface charge increased
with the increment of superﬁcial hydroxyl and the later was positively related with the amount of incorporated metals as indicated
by thermal analysis. Accordingly, the quantity of adsorbed MB
cations obviously increased with the amount of chromium incorporated in magnetites [39,40]. However, for AOII, whose pKa1 is
1.0 for the SO3 H group and pKa2 is 11.4 for the naphthalene of
AOII, most of the dye existed as anions in the studied pH. The weak
negatively charged surface was not favorable for its adsorption on
magnetite, while the charge induced dipole–dipole interaction was
a weak interaction caused by negatively charged groups of anions.
After adding H2 O2 into the system, the dye decolorization
depended on Fenton degradation and the removal rate increased
with the reaction time. After 200 min of degradation, the MB
removal rate was 59.3%, 71.3%, 87.0% and 95.2% in the presence
of Fe2.82 Cr0.18 O4 , Fe2.67 Cr0.33 O4 , Fe2.53 Cr0.47 O4 and Fe2.33 Cr0.67 O4 ,
respectively. No obvious decolorization was observed in the system only containing H2 O2 but no magnetite (Fig. 6A). Therefore,
the incorporation of Cr enhanced the MB decolorization.
The effect of Cr substitution on AOII decolorization looked
similar to that on MB decolorization. H2 O2 solely or with Fe3 O4
did not engender obvious AOII decolorization (Fig. 6B). But with
Fe2.82 Cr0.18 O4 , Fe2.67 Cr0.33 O4 , Fe2.53 Cr0.47 O4 and Fe2.33 Cr0.67 O4 ,
about 48.6%, 81.6%, 86.4% and 89.6% of AOII was removed after
240 min, respectively. It can be seen that Cr substitution in

X. Liang et al. / Chemical Engineering Journal 191 (2012) 177–184

181

Fig. 6. Decolorization of (A) methylene blue and (B) acid orange II through heterogeneous Fenton reaction catalyzed by Fe3−x Crx O4 (C0 = 0.2 mmol L−1 , 80 mmol L−1 of H2 O2 ,
1.0 g L−1 of catalyst, 250 mL, pH 7.0, 25 ◦ C).

magnetite greatly increased the decolorization of both MB and
AOII through Fenton reaction. During the degradation, the pH was
above 5.5 and the concentrations of dissolved Fe and Cr were below
0.5 mg L−1 , indicating that the dissolution of Fe and Cr ions can be
ignored and the whole decomposition of MB and AOII was heterogeneous Fenton reaction [41,42].
3.2.2. Degradation kinetics
The degradation processes in Fig. 6 were analyzed in terms
of kinetics. Previous studies have indicated that the degradation
of dye in Fenton reaction follows the hydroxyl radical-mediated
mechanism, in which hydroxyl radicals (• OH) are generated by
the reaction between H2 O2 and catalyst and then attack the dye
molecules [43,44]. The rate of • OH production can reﬂect the catalytic activity of Fenton catalyst. Based on the observed adsorption
of MB on Fe3−x Crx O4 , the Fenton degradation of MB in this study
followed the Langmuir–Hinshelwood mechanism (i.e. reaction of
adsorbed MB molecule with • OH engendered on magnetite surface, Eq. (3)) [45,46], which is typically described as a second-order
reaction (Eq. (4)):
M OMB + [• OH]surf → products
d[ M–OMB]
= −k[ M–OMB][• OH]surf
dt

(3)
(4)

where [ M OMB] is the adsorbed amount of MB on Fe3−x Crx O4 ,
[• OH]surf is the concentration of • OH on magnetite surface, k is
the second order rate constant, and t is the degradation time. In
the present study, the addition of H2 O2 (80 mmol L−1 ) was much
more superﬂuous for the degradation of MB (0.2 mmol L−1 ), so the
production of • OH may be steady-state and the [• OH]surf can be
regarded as a constant.
Meanwhile, as the MB concentration did not decrease quickly
during the degradation (Fig. 6A), its instantaneous adsorbed
amount can also be assumed as constant. Therefore, the MB degradation process can be described by the zero-order equation:
d[ M–OMB]
= −kq[• OH]surf
dt

(5)

kapp = kq[• OH]surf

(6)

C 0 − C t = kapp t

(7)

where C0 and Ct are the MB concentrations (mmol L−1 ) at the initial
time and reaction time t, kapp is zero-order apparent rate constant

(mmol L−1 min−1 ), q is the MB adsorbed amount on Fe3−x Crx O4 surface (mg g−1 ), and [• OH]surf is the steady-state concentration of
• OH radicals on Fe
−1
3−x Crx O4 surface (mmol g ). The kapp constant
can be obtained directly by regressing the lines in Fig. 6A (r > 0.98,
Table 3), indicating that the MB degradation was well ﬁtted with
the zero-order equation and followed the Langmuir–Hinshelwood
model. The kapp constant increased with increase of Cr content in
the catalyst (Table 3).
For AOII, as it was not adsorbed onto magnetite surface, the
degradation process should not follow the Langmuir–Hinshelwood
model but the Eley–Rideal mechanism (i.e. reaction of dissolved
AOII molecule with • OH produced on magnetite surface, Eq. (8))
[40,41], which also can be described as a second-order reaction
(Eq. (9)):
AOII + [• OH]surf → product

(8)

dC
= −KC[• OH]surf
dt

(9)

By assuming that the • OH instantaneous concentration on
Fe3−x Crx O4 surface is constant, the degradation process of AOII
could be described by the pseudo-ﬁrst-order equation:
dC
= −Kapp C
dt

(10)

K app = K[• OH]surf

(11)

− ln

C 
t

C0

= Kapp t

(12)

where C0 and Ct are the AOII concentrations (mmol L−1 ) at the
initial time and reaction time t, Kapp is pseudo-ﬁrst-order appear
rate constant (min−1 ), and t is degradation time (min). The Kapp
constant can be obtained from the slope of the straight lines by
plotting −ln(Ct /C0 ) as a function of time t, through regression. Fig. 7
shows the results of Fig. 6B plotted in the form of Eq. (12). It can
be seen that the degradation process of AOII by Fe2.82 Cr0.18 O4 was
well ﬁtted with the pseudo-ﬁrst-order equation (r > 0.99, Table 3)
rather than the zero-order equation (r < 0.97, not shown). But for
Fe3−x Crx O4 with higher chromium content, their catalytic reaction processes were distinctly different and well ﬁtted with the
two-stage ﬁrst-order kinetics (Fig. 7). The two-stage kinetics was
composed of an initial slow degradation stage (ﬁrst stage) and
followed rapid degradation stage (second stage), where the Kapp
constant of the latter stage was nearly one magnitude larger than
that of the former one. This two-stage kinetics has been reported
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Table 3
The rate constant for the degradation of MB and acid orange II through Fenton reaction catalyzed by Fe3−x Crx O4 .
Sample

Fe3 O4
Fe2.82 Cr0.18 O4
Fe2.67 Cr0.33 O4
Fe2.53 Cr0.47 O4
Fe2.33 Cr0.67 O4
a
b

MB

AOII

kapp a

r

Kapp b (First stage)

r

Kapp b (Second stage)

r

4.15 × 10−4
8.70 × 10−3
1.45 × 10−2
1.83 × 10−2
1.92 × 10−2

0.717
0.981
0.993
0.994
0.999

2.32 × 10−4
3.20 × 10−3
2.64 × 10−3
2.16 × 10−3
2.33 × 10−3

0.910
0.992
0.990
0.998
0.991

2.32 × 10−4
3.20 × 10−3
9.59 × 10−3
1.23 × 10−2
1.36 × 10−2

0.910
0.992
0.999
0.998
0.998

kapp : zero-order constant rate for methylene blue degradation.
Kapp : pseudo-ﬁrst-order rate constant for acid orange II degradation.

in detail in the previous studies [47,48]. The low Kapp of ﬁrst stage
can be explained by the poor adsorption of AOII on the catalyst and
the presence of high concentration of H2 O2 in the initial stage. In
this case, most produced • OH radicals could be scavenged quickly
(Eq. (13)) by the surrounding H2 O2 without reacting with the AOII
molecules in the solution, resulted in a slow degradation of AOII.
As the excessive H2 O2 was partially consumed in the ﬁrst stage,
the produced • OH would not be rapidly scavenged and turned to
attack the dye molecules, leading to the faster degradation of AOII
in the second stage. The mismatching of the degradation process by
Fe2.82 Cr0.18 O4 with two-stage kinetics, may be related to the slow
production of • OH during the whole degradation process.
• OH

+ H2 O2 → HO2 • + H2 O

(13)

To verify the above conclusions about two-stage kinetics, two
comparison experiments were carried out by altering the initial
H2 O2 concentration or pH. Fig. 8 shows the degradation of AOII by
Fe2.33 Cr0.67 O4 with various initial H2 O2 concentrations. It can be
seen that with the decrease of initial H2 O2 concentration, the Kapp
constant in the ﬁrst stage gradually approached to that of the second stage and the whole degradation processes tended to be better
ﬁtted with the pseudo-ﬁrst-order equation than with two-stage
kinetics. This was ascribed to the decrease of initial H2 O2 concentration and accordingly less scavenging effect of • OH radicals
in the ﬁrst stage. However, the decrease of initial H2 O2 concentration inevitably slowed the AOII degradation (Fig. 8), due to the
retardment of • OH production.
Fig. 9 shows the degradation of AOII by Fe2.33 Cr0.67 O4 at different initial pH. The degradation processes started at pH of 9.0, 7.0
and 5.0, were well ﬁtted with the two-stage kinetics. The degradation efﬁciency increased with the decrease of initial pH. When the

Fig. 7. Kinetics ﬁtting of the acid orange II decolorization through heterogeneous
Fenton reaction catalyzed by Fe3−x Crx O4 (C0 = 0.2 mmol L−1 , 80 mmol L−1 of H2 O2 ,
1.0 g L−1 of catalyst, 250 mL, pH 7.0, 25 ◦ C).

Fig. 8. Degradation of acid orange II through heterogeneous Fenton reaction by
Fe2.33 Cr0.67 O4 with different H2 O2 concentrations (C0 = 0.2 mmol L−1 , 1.0 g L−1 of
Fe2.33 Cr0.67 O4 , 250 mL, pH 7.0, 25 ◦ C).

initial pH decreased to 3.0, the degradation process changed to be
well ﬁtted with the pseudo-ﬁrst-order equation (Fig. 9). Acidic pH
improved the iron dissolution from magnetite surface, thus propagating the homogeneous Fenton reaction [49]. In this case, • OH was
produced in the solution and it preferred to attack the dissolved
AOII, rather than be scavenged by H2 O2 . Therefore, the degradation process was well ﬁtted with the pseudo-ﬁrst-order equation.
These two experiments (Figs. 8 and 9) conﬁrmed that the occur-

Fig. 9. Degradation of acid orange II through heterogeneous Fenton reaction by
Fe2.33 Cr0.67 O4 at different initial pH (C0 = 0.2 mmol L−1 , 80 mmol L−1 of H2 O2 , 1.0 g L−1
of Fe2.33 Cr0.67 O4 , 250 mL, 25 ◦ C).
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looked less remarkable. This phenomenon may be related to the
variation of cation distribution with different substitution extent.
As Cr3+ replaces Fe3+ at the octahedral sites of magnetite, which
was indicated by the XANES characterization, no Fe2+ are displaced
from octahedral sites to tetrahedral sites up to x = 0.3 [50,51]. But
for x > 0.3, Fe2+ in octahedral sites starts to move to tetrahedral sites
and the moving number increases with the increase of substitution
level [50,51]. Based on the fact that Fe2+ is the active species for
the Fenton reaction and the catalytic activity relies on the octahedral cations rather than the tetrahedral ones, the transfer of Fe2+
from octahedral sites to tetrahedral sites can explain less increase
of catalytic activity when x is above 0.3. For MB, the increasing trend
of rate constant in low substitution level (x < 0.3) was a bit different from that in AOII degradation, which was possibly ascribed to
different adsorption behaviors between MB and AOII.
4. Conclusions

Fig. 10. Degradation rate constants for the degradation of (A) methylene blue and
(B) acid orange II (second stage) with H2 O2 in the presence of Fe3−x Crx O4 .

rence of two-stage kinetics under neutral pH was related to the
E–R degradation model and the high initial concentration of H2 O2 .
3.2.3. Effect of chromium substitution on catalytic activity
Table 3 shows the rate constant for the degradation of both dyes
through heterogeneous Fenton reaction catalyzed by Fe3−x Crx O4
around neutral pH. Obviously, for MB and AOII (second stage), their
rate constants increased with the increase of chromium content in
magnetite. For MB, its decolorization relied on both the MB adsorption on catalyst surface and degradation by • OH radicals. Thus, the
rate constant kapp was related to not only the surface • OH concentration that indicated the catalytic activity of magnetite for H2 O2
decomposition, but also the adsorbed amount of MB that also was
inﬂuenced by Cr substitution (Eq. (7)). So in MB degradation, the
increase of kapp constant cannot exactly reﬂect the effect of Cr substitution on the catalytic activity of magnetite. But for AOII, because
of its neglectable adsorption on magnetite surface and no obvious change of pH during the degradation, its decolorization should
mainly rely on degradation. Hence, its degradation rate constant
was in proportion to the • OH steady-state concentration (Eq. (11))
and therefore indicative of the catalytic activity of magnetite. Fig. 10
shows the variations of degradation rate constants with Cr substitution level in the degradation of MB and AOII (second stage). It can be
seen that in AOII degradation, Cr substitution obviously increased
the second-stage rate constant, indicating the enhancement of catalytic activity of magnetite. As shown by the previous research [3],
the positive effect of Cr originates from the Cr3+ on octahedral site
that can decompose H2 O2 to create • OH and improve the electron transfer to produce Fe2+ during the reaction. Moreover, the
increase of surface hydroxyl provides more active sites for H2 O2
decomposition to produce • OH [45]. In Fig. 10B, for x in range of
0–0.3, chromium substitution greatly improved the catalytic activity while for x above 0.3, the improvement of catalytic activity

The present study has investigated the catalytic activity of
chromium substituted magnetite in the heterogeneous Fenton
degradation of different types of dyes, MB (cationic dye) and AOII
(anionic dye). Cr cations in valency of +3 occupy the octahedral
sites of magnetite, increasing the BET surface area and superﬁcial hydroxyl amount. MB adsorption on magnetite is enhanced
by chromium substitution, while AOII cannot be adsorbed onto
Fe3−x Crx O4 . Cr substitution greatly increases the catalytic activity of
magnetite in the heterogeneous Fenton reaction, but its enhancement extent depends on the chromium substitution level. The
degradation of these two dyes follows different mechanisms and
kinetics. The obtained novel insights are of high importance for
the utilization of substituted magnetite in the ﬁeld of wastewater
treatment.
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