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In this study, a series of Mn substituted magnetites were synthesized and used in catalyzing the heter-
ogeneous Fenton degradation of acid orange II and Pb(II) adsorption, in order to investigate the effect
of Mn substitution on the reactivity of magnetite. The valence and local environment of both Fe and
Mn in the spinel structure of magnetite were investigated by X-ray absorption fine structure (XAFS) spec-
troscopy. The incorporation of Mn did not change the valence and local structure of Fe in the synthetic
magnetite, while Mn was in the valences of +2 and +3. The Mn distribution on the octahedral sites of
magnetite surface increased with the increase in Mn content. The Mn introduction led to an improvement
of catalytic activity of magnetite. The sample with the minimum Mn content displayed the best efficiency
in �OH production and the degradation of acid orange II, while the other substituted samples did not show
obvious difference in their catalytic performance. The adsorption capacity of magnetite samples toward
Pb(II) gradually increased with the increase in Mn content. The above influences of Mn substitution on
the reactivity of magnetite were discussed in views of the variations in microstructural environment
and physicochemical properties.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The spread of a wide range of contaminants (e.g., organic pollu-
tants and heavy metals) in surface water and groundwater has
become a critical issue worldwide, due to the fast population
growth and rapid development of industrialization [1]. Thus, it is
imperative to develop novel, efficient and friendly materials and
technologies to remove these contaminants. A number of iron oxi-
des including goethite [2,3], hematite [4,5], magnetite [6,7], fer-
rihydrite [8,9] and lepidocrocite [10,11] were applied to adsorb
heavy metal species and initiate the advanced oxidation processes
(AOPs) as heterogeneous catalysts for organic degradation.

Compared to other iron oxides, magnetite has several interest-
ing structural features. Magnetite contains both Fe2+ and Fe3+ in
spinel structure, with Fe2+ occupying the octahedral site and Fe3+

distributed between octahedral and tetrahedral sites. Fe2+ plays
an important role as an electron donor to initiate the AOPs [12].
The accommodation of Fe2+ and Fe3+ on the octahedral sites allows
the Fe species to be reversibly oxidized and reduced while keeping
the structure unchanged [13]. In most natural magnetites, iron cat-
ions are isomorphously substituted by divalent (Co, Ni, Mn, etc.),
trivalent (V, Cr, etc.) and tetravalent (Ti) cations [14]. These substi-
tutions may vary the microstructure and physicochemical proper-
ties of magnetite and accordingly affect its surface reactivity in
heavy metal adsorption and catalyzing AOPs. As a common constit-
uent in soils and sediments, magnetite plays a vital role in the
adsorption and redox behavior of heavy metals and organic con-
taminants [15].

Heterogeneous Fenton reaction, a typical advanced oxidation
technology, is novel and promising for the destruction of organic
contaminants in wastewaters [16]. In Fenton reaction, H2O2 is acti-
vated to generate radicals, especially �OH, according to the classic
Haber–Weiss mechanism [17]. �OH has a quite high oxidation
potential (2.8 eV) and can completely oxidize the organic
pollutants in aqueous medium. Magnetite is especially efficient
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in catalyzing the heterogeneous Fenton reaction, ascribed to the
presence of highly active Fe2+ species on magnetite surface and
the fast electron transfer between Fe2+ and Fe3+ on the octahedral
sites [13,18]. The incorporation of transition metals in magnetite
obviously affects the Fenton reactivity of magnetite. The introduc-
tion of Co [13], Ti [19,20], V [18] and Cr [21] improves the Fenton
catalytic activity of magnetite, while Ni shows an inhibitory effect
[13]. Such distinct effects greatly depend on the oxidation states
and occupancy of substituting cations [22,23]. Therefore, the
experimental determination of cation distribution in the spinel
structure and their oxidation states is an interesting challenge.
But the conventional methods, e.g., electron spin resonance
(ESR), X-ray photoelectron spectroscopy (XPS) and Mössbauer
spectroscopy are restricted to certain elements or not possible to
perform under in situ condition [24]. X-ray absorption fine struc-
ture (XAFS) spectrum is a powerful tool for the characterization
of chemical environment and is composed of X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) spectroscopes. XANES provides the information about
overall oxidation states and site symmetry of the absorbing central
atom. EXAFS reflects the crystal structure and local environment of
the absorbing central atom [25]. The combination of XANES and
EXAFS can present detailed description of atomic structure in
substituted magnetite. From our previous publications [18,20,26],
among the common substituting metals, the valence and distribu-
tion of Mn in magnetite structure are the most complicated. In this
study, XAFS characterization was carried out to investigate the oxi-
dation states and coordination environment of metal cations in Mn
substituted magnetite (Fe3�xMnxO4). Moreover, through the batch
experiments of acid orange II (AOII) decolorization and �OH gener-
ation in heterogeneous Fenton system catalyzed by Fe3�xMnxO4,
the relationship between local atomic structure of Fe3�xMnxO4

and its heterogeneous Fenton activity was discussed.
Besides being used as Fenton catalyst, magnetite is an impor-

tant attenuator of heavy metals. Magnetite has been applied in
the adsorption of various heavy metals, e.g., Cr(VI) [27], Hg(II)
[28], As(V) [25], Sb(V) [29], Se(IV) [30] and U(VI) [31]. The adsorp-
tion mechanism includes surface site binding [32], electrostatic
interaction [33], modified ligand combination [34] and oxida-
tion–reduction interaction [35,36]. Some substitutions have made
obvious variations on the physicochemical properties of magnetite
surface [26,37]. For instance, some substituting cations (e.g., Cr3+

and Ti4+) increase the surface hydroxyl amount of magnetite. The
surface hydroxyl groups are functional groups of iron oxides, due
to its vital role of surface acidity in heavy metal adsorption. The
specific surface area of magnetite is also varied by some substitu-
tions, ascribed to the decrease in magnetism and thus particle
aggregation. Such changes probably affect the adsorption proper-
ties of magnetite for heavy metals. But to the best of our knowl-
edge, few studies have grasped this issue. In this study, Mn
substituted magnetites were tested for the removal of Pb(II) in
aqueous solution. Through the characterization of surface physico-
chemical properties, the effect of Mn substitution on the adsorp-
tion capacity of magnetite for Pb(II) was illustrated. The obtained
Table 1
Chemical composition and main physicochemical properties for Mn substituted magnetite

Samples CMn (wt%) CFe (wt%) Lattice parameter
a0 (nm)

Cry

FM0 0.0 72.3 8.411 43
FM1 6.0 63.9 8.414 40
FM2 11.7 56.3 8.423 37
FM3 17.9 51.9 8.425 35
FM4 20.0 51.5 8.429 33
results in this study will be of great significance for well under-
standing the interaction mechanism of magnetite-group minerals
in the environmental self-purification process and their application
in pollution protection.

2. Materials and methods

2.1. Sample preparation

All the chemicals and reagents were of analytical grade. For the
synthesis of Fe3O4, 0.90 mol L�1 of FeSO4�7H2O was dissolved in an
HCl solution. 1.0 mL of hydrazine was added to prevent Fe2+ oxida-
tion, and the pH was set below 1.0 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
5 h, while stirring at a rate of 500 rpm. Then the solution was
cooled down to room temperature. During the reaction, a N2 flux
was passed through to prevent Fe2+ oxidation. The particles were
then separated by centrifugation at 3500 rpm for 5 min and
washed with boiling distilled water, followed by an additional cen-
trifugation. After 3–4 washings, the particles were collected and
dried in a vacuum oven at 100 �C for 24 h [26,38]. The obtained
sample was labeled as FM0. The preparation of Mn substituted
magnetites also followed the above procedure, except dissolving
predetermined amount of MnSO4�7H2O in HCl solution with
FeSO4�7H2O. The total metal concentration of Fe and Mn in HCl
solution should be kept at 0.90 mol L�1. The obtained samples with
different substitution extents were labeled as FM1, FM2, FM3 and
FM4 and their detailed descriptions are shown in Table 1. All the
samples were ground and passed through a 200 mesh screen.

2.2. Characterization methods

The chemical composition of synthetic samples was analyzed
on Varian Vista ICP-AES (Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy). XRD patterns were recorded on a Bruker D8
advance diffractometer using Cu Ka radiation scanning from 10�
to 80� at a step of 1�min�1. Specific surface area was analyzed by
using the BET method using N2 adsorption/desorption at 77 K on
an ASAP 2020 instrument. The surface hydroxyl amount was ana-
lyzed by thermogravimetric and differential scanning calorimetry
(TG–DSC) on a Netzsch STA 409 PC instrument.

The point of zero charge (PZC) of magnetite samples was
detected by the potentiometric acid/base titration method [39].
The sample was mixed with NaCl solutions of different concentra-
tions (c) to obtain 1 g�L�1 magnetite suspensions in which the final
concentrations of NaClO4 were 0.001, 0.010, and 0.100 mol L�1.
When the change in pH value did not exceed 0.02 pH unit in
5 min, the amount of acid (HCl 0.1 mol L�1) or base (NaOH,
0.1 mol L�1) added and the potential value of the suspension were
recorded and used to calculate the adsorption amounts of H+ and
OH�.
samples.

stal size (nm) Specific surface
area (m2 g�1)

Surface hydroxyl
amount (%)

pHpzc

16.6 0.64 6.9
15.0 1.42 7.0
18.3 2.16 7.0
22.0 2.27 7.1
26.0 2.31 7.1



Fig. 1. XRD patterns for Mn substituted magnetite samples.
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XAFS spectra of synthetic samples and reference compounds
were measured on the beamline 1W1B of Beijing Synchrotron
Radiation Facility (BSRF). The spectra were acquired at room tem-
perature in transmission mode, where an ion-chamber detector
filled with 100% N2 was used. For the Fe (7112 eV) K-edge, a
100% Ar filled Lytle ion-chamber detector with Mn X-ray filters
and soller slits were used. The chromator energy was calibrated
using a Fe foil. For the Mn K-edge (6539 eV), a Mn metal foil refer-
ence was used to calibrate the monochromator. The obtained XAFS
data was analyzed with IFEFFIT software package.

2.3. Heterogeneous Fenton reaction

The degradation of AOII (C16H11N2NaO4S) was performed in a
conical flask at 25 �C. The dye solution was stirred for 1 h in the
presence of magnetite particles to achieve adsorption equilibrium.
Then H2O2 was added into the solution to initiate the degradation.
The magnetite dosage was 1.0 g L�1 and the concentrations of AOII
and H2O2 were 0.2 and 75 mmol L�1, respectively. The initial pH
(7.0) of solution was adjusted by H2SO4 and NaOH. At given inter-
vals, the reaction solution was sampled for AOII concentration
analysis by UV–Vis spectroscopy (PE Lambda 850) at a wavelength
of 484 nm. The concentrations of leaching Fe and Mn cations were
determined on a PE-3100 Flame Atomic Absorption Spectropho-
tometer (FAAS) with the hollow-cathode lamps operate at the
wavelength of 248.3 and 279.5 nm. The �OH concentration was
analyzed by High Performance Liquid Chromatography (HPLC)
[40,41]. The experiment details of operation are provided in Text
A.1 in Supplementary Data.

2.4. Pb(II) adsorption

Stock solution of Pb(II) (1.0 g L�1) was prepared by dissolving
lead nitrate (Pb(NO3)2) in deionized water. The adsorption experi-
ment of Pb(II) was conducted with initial Pb(II) concentration of
10–500 mg/L�1 and adsorbent concentration of 1 g L�1 at 25 �C
and pH 4.5 with magnetic stirring at 600 rpm. The suspension
(50 mL) was constantly stirred for 1 h, predetermined time for
achieving adsorption equilibrium. Then the solution samples were
withdrawn and passed through a 0.22 lm PTFE filter. The residual
aqueous Pb(II) concentration was determined on PE-3100 FAAS
with the hollow-cathode lamps operate at the wavelength of
223.1 nm. All the adsorption and degradation experiments were
performed in triplicate.

3. Results and discussion

3.1. Sample characterization

The chemical compositions for all the prepared magnetite sam-
ples are displayed in Table 1. The increase in Mn content is fol-
lowed by a simultaneous decrease in Fe content, suggesting that
Mn cations have replaced Fe cations.

The XRD characteristic of all the magnetite samples (Fig. 1)
mostly corresponds to the standard card of magnetite (JCPDS:
19-0629), indicating that these samples mainly have spinel struc-
ture. But for samples with high Mn content (FM3 and FM4), a
new phase of feitknechtite with the reflections 2h around 19�
and 34� (JCPDS: 18-0804) appears. The reflection peaks of new
phase become stronger with the increase in Mn content, suggest-
ing that besides magnetite, some Mn cations exist as feitknechtite
Mn(OH)3 in the samples with a high Mn content. But from the XRD
pattern characteristics, the content of magnetite in FM3 and FM4 is
obviously in the majority.

Table 1 also shows the lattice parameter a0, crystal size, BET
specific surface area and pHPZC for all the samples. With the
increase in Mn content, the lattice parameter a0 and specific sur-
face area increase while the crystal size decreases.
3.2. XAFS spectroscopy

In the normalized Fe K-edge XANES spectra of all the magnetite
samples (Fig. 2A), the pre-edge peak around 7110 eV is attributed
to the quadrupole transition from 1s to 3d orbital [42,43]. The
absorption K-edge at 7122 eV does not show any obvious energy
shift, indicating that the substitution of Mn cations does not affect
the valences of iron cations.

The Fe K-edge EXAFS spectra and their Fourier-transform (FT)
curves are shown in Fig. 2B and C. On the FT curves, the first peak
in the range of 1.0–1.5 Å presents the information on the FeAO
bonds. The peaks near 1.1 and 1.5 Å arise dominantly from 4-coor-
dinated and 6-coordinated FeAO subshells. The second peak is a
doublet, providing information on the FeAFe shell [25]. The first
component of the doublet near 3.1 Å corresponds to the FeoctAFeoct

subshell, while the second component at 3.6 Å is ascribed to sev-
eral contributions, dominantly to the FetetAFeoct and FetetAFetet

subshells.
In order to obtain quantitative information, the fitting of Fe K-

edge EXAFS spectra was performed (Fig. 2B and C), and the fitted
parameters are given in Table 2. The fitted values of two different
FeAO distances are 1.90 ± 0.02 and 2.05 ± 0.02 Å, which are consis-
tent with the theoretical values of FeAO bond length at the tetra-
hedral and octahedral sites of magnetite [25]. Four FeAFe subshells
fit well with the experimental results, with a FeAFe coordination
number of about 3.5–4.2 at bond distance of 2.99 ± 0.01 Å, 7.2–
8.7 at 3.49 ± 0.02 Å, 7.0–8.0 at 5.19 ± 0.01 Å and 4.0–6.0 at
5.50 ± 0.02 Å (Table 2). The FeAFe bond distances are close to those
of magnetite structure reported in literatures [25,44]. With the
increase in Mn content, the XAFS spectra and fitting parameters
show no distinct variations. This illustrates that the valence and
atomic environment of iron in magnetite have not been distinctly
changed by Mn substitution.

Fig. 3 shows the normalized XANES spectra for substituted mag-
netite samples and reference compounds. Among these samples,
their profiles and location of Mn K-edge vary obviously. The energy
position of XANES spectra depends on the binding energy of
absorbing atom and hence on the oxidation state [45]. The Mn K-
edge position of magnetite samples is located between those of
MnO and Mn2O3 and gradually shifts with the increase in Mn con-
tent. This illustrates that the valences of Mn are +2 and +3, and the
average valence increases with the increase in Mn content.



Fig. 2. Normalized Fe K-edge XANES spectra (A), EXAFS spectra (B) and Fourier-transform of EXAFS spectra (C), and normalized Mn K-edge XANES spectra (D), EXAFS spectra
(E) and the Fourier-transform of EXAFS spectra (F) for Mn substituted magnetite samples (solid lines: experimental curves; dash lines: fitting curves).

Table 2
Fe K-edge EXAFS fitting results for Mn substituted magnetite samples.

Samples FM0 FM1 FM2 FM3 FM4

Na Rb (Å) r2c (Å2) N R (Å) r2 (Å2) N R (Å) r2 (Å2) N R (Å) r2 (Å2) N R (Å) r2 (Å2)

FeAO 1.4(5) 1.88(2) 0.003(1) 1.2(1) 1.89(2) 0.003(1) 1.3(1) 1.90(2) 0.003(1) 1.2(2) 1.90(2) 0.003(1) 1.3(2) 1.91(2) 0.003(2)
FeAO 4.3(5) 2.03(2) 0.009(4) 3.6(3) 2.04(2) 0.006(2) 3.8(3) 2.05(2) 0.006(3) 3.7(4) 2.04(2) 0.006(3) 3.8(3) 2.05(2) 0.007(3)
FeAFe 3.7(7) 2.97(2) 0.010(4) 3.5(4) 2.99(2) 0.010(2) 3.7(3) 3.00(2) 0.011(3) 3.5(6) 2.99(2) 0.008(2) 4.2(5) 3.00(1) 0.011(3)
FeAFe 8.6(8) 3.46(2) 0.010(2) 8.2(6) 3.48(2) 0.009(2) 7.7(7) 3.49(2) 0.009(2) 8.7(9) 3.48(2) 0.009(2) 7.2(8) 3.51(2) 0.008(2)
FeAFe 12(1) 5.15(4) 0.011(3) 8(1) 5.18(3) 0.012(2) 8(1) 5.19(3) 0.012(2) 7(1) 5.18(4) 0.012(2) 8(1) 5.21(2) 0.012(2)
FeAFe 8(1) 5.46(4) 0.011(6) 5(1) 5.49(4) 0.014(5) 6(1) 5.51(3) 0.015(5) 4(1) 5.49(4) 0.020(5) 5(1) 5.52(3) 0.013(4)

Na: Coordination number.
Rb: Bond length.
r2c: Debye–Waller factor.

Fig. 3. Normalized Mn K-edge XANES spectra of Mn substituted magnetite samples
and reference samples.
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Through the linear combination fitting [46], the proportions of
Mn2+ to Mn3+ in FM1, FM2, FM3 and FM4 are 85:15, 83:17, 60:40
and 52:48, respectively, suggesting an increase in Mn3+ proportion.

The K-edge profile of FM1 and FM2 with low Mn content is
quite identical, but evidently different from those of FM3 and
FM4 with high Mn content (Fig. 2D). Compared to FM1 and FM2,
the maxima of peaks P1 and P2 are less pronounced in the XANES
of FM3 and FM4. This is mainly ascribed to the decrease in coordi-
nation number of MnAO and MnAMn/Fe shells [47].

The Mn K-edge EXAFS spectra and their FT curves (Fig. 2E and F)
also reveal the difference between samples with low Mn content
(FM1 and FM2) and those with high Mn content (FM3 and FM4).
For FM3 and FM4, the oscillation intensity shows a significant
decrease. The first peak on the FT curves is around 1.6 Å for FM1
and FM2, and 1.4 Å for FM3 and FM4, suggesting that the length
of MnAO bond is shortened with Mn content increase. The second
peak is arisen dominantly from the MnAMn/Fe shells. With the
increase in Mn content, the intensity of second peak around 3 Å
decreases and a small peak at 2.2 Å appears. This is mainly ascribed
to the increase in static disorder and decrease in coordination
number of MnAMn/Fe shells [48].



Table 3
Mn K-edge EXAFS fitting results for Mn substituted magnetite samples.

Samples FM1 FM2 FM3 FM4

N R (Å) r2 (Å2) N R (Å) r2 (Å2) N R (Å) r2 (Å2) N R (Å) r2 (Å2)

MnAO 5.3(6) 2.08(1) 0.008(4) 5.4(6) 2.08(1) 0.010(4) 4.6(6) 1.95(1) 0.011(3) 4.5(7) 1.94(1) 0.008(3)
MnAMn/Fe 5.6(7) 3.05(2) 0.006(3) 6.2(6) 3.06(1) 0.008(3) 1.4(6) 2.06(1) 0.011(3) 1.5(7) 2.05(1) 0.008(3)
MnAMn/Fe 6.2(9) 3.49(3) 0.003(1) 3.9(7) 3.49(3) 0.003(1) 3.9(9) 3.01(3) 0.012(4) 3.6(9) 3.00(4) 0.011(4)
MnAMn/Fe 11(1) 5.28(4) 0.011(4) 13(1) 5.30(2) 0.010(4) 3.7(8) 3 .42(4) 0.014(5) 3.4(8) 3.40(5) 0.013(4)
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For FM1 and FM2, the MnAO distance is about 2.08 ± 0.01 Å,
and the coordination numbers are 5.3 and 5.4 (Table 3), which is
consistent with the theoretical value of octahedral Fe in the spinel
structure of magnetite [25]. The MnAMn/Fe shell shows three dis-
tances (3.05 ± 0.01, 3.49 ± 0.01 and 5.29 ± 0.01 Å). They are also
close to the FeoctAFeoct/Fetet distances of magnetite, indicating that
the Mn cations have entered the spinel structure of magnetite and
occupied the octahedral sites. In this case, two different substitu-
tion manners should exist, i.e., Mn cations replace the octahedral
Fe in the bulk structure and they occupy the octahedral sites on
the magnetite surface [49]. These two manners can be distin-
guished by the peak at 3.49 Å that is arisen from the MnoctAFetet

subshell. For FM1, the coordination number for this peak is 6.2,
consistent with the theoretical one of FeoctAFetet subshell in the
bulk structure of magnetite. This suggests that Mn cations in
FM1 mainly exist in the bulk of magnetite by substituting octahe-
dral Fe (Fig. 4A). However, for FM2, the coordination number is just
3.9. Such obvious decrease in coordination number implies that
partial Mn cations occupy the octahedral sites on magnetite sur-
face (Fig. 4B).

For FM3 and FM4, the MnAO and MnAMn/Fe distances and
their coordination number are even lower than those of FM2
(Table 3), indicating the octahedral occupation on magnetite
Fig. 4. Atom structure evolution of Mn substituted magnetite samples.
surface increases. To keep the charge equilibrium, some surface
Mn cations with unoccupied atomic orbitals are bonded to the
hydroxyls in the aqueous solution and even form a new phase feit-
knechtite, which is consistent with the observation from XRD. In
the structure of feitknechtite, Mn cations are also octahedrally
coordinated (Fig. 4C).

From the TG–DSC analysis under N2, a mass loss can be seen on
the TG curves from ca. 150 to 400 �C, which is assigned to the
dehydroxylation [26,50]. The surface hydroxyl amount in the mag-
netite samples increases with the increase in Mn content (Table 1).
This can be explained based on the variation of Mn coordination
environment. From the EXAFS characterization, with the increase
in Mn content, the proportion of Mn3+ increases and they prefer
to occupy the octahedral sites on magnetite surface rather than
the octahedral ones in the bulk structure. The surface Mn cations
need to adsorb the hydroxyls in the aqueous solution to keep the
charge equilibrium, which leads to the increase in surface hydroxyl
amount.

3.3. Heterogeneous Fenton activity

The heterogeneous Fenton catalytic activity of Mn substituted
magnetites was investigated through the AOII decolorization
around neutral pH (Fig. 5A). Before adding H2O2, the decolorization
of AOII only relied on its adsorption on magnetite surface. For all
the systems, the removal efficiency of AOII by adsorption was quite
low, below 3%. AOII is an anionic dye, whose pKa1 is 1.0 for the
ASO3H group and pKa2 is 11.4 for the naphthalene. On neutral
pH, most of the dye molecules existed as anions. Since the point
of zero charge (PZC) of magnetite is about 7.3 [51], the surface of
magnetite samples was with weak negative charge and not favor-
able for the adsorption of AOII anions.

After the addition of H2O2, AOII decolorization was obviously
accelerated. After 13 h of degradation, the AOII decolorization effi-
ciency by FM0, FM1, FM2, FM3 and FM4 was 8%, 72%, 28%, 20% and
34%, respectively. The concentrations of dissolved Fe and Mn were
below 0.5 mg L�1, indicating that the whole decomposition process
was dominated by heterogeneous process [52].

The degradation processes were analyzed in terms of kinetics
(Fig. 5B). For FM1 with the highest degradation efficiency, the
whole degradation process was well fitted with the pseudo-first-
order kinetic equation (Eq. (1)). The apparent rate constant (Kapp)
is 1.68 � 10�3 min�1. But for the other catalysts, their catalyzing
processes were also fitted with the pseudo-first-order kinetic
equation in the first 3 h, but then did not show obvious degrada-
tion. The apparent rate constant (Kapp) in the initial 3 h for FM0,
FM2, FM3 and FM4 was 6.0 � 10�6, 1.2 � 10�3, 5.5 � 10�4 and
1.25 � 10�3 min�1, respectively. This indicates that the introduc-
tion of Mn greatly improved the heterogeneous Fenton catalytic
activity of magnetite. Sample FM1 with the lowest Mn content in
this study displayed the most efficient catalytic performance.

lnðC0=CtÞ ¼ Kappt ð1Þ

From previous studies [53,54], the degradation of organic pollutants
in heterogeneous Fenton reaction followed the hydroxyl



Fig. 5. Decolorization of Acid Orange II by Mn substituted magnetite samples in the presence of H2O2 (A) and its kinetics fitting by pseudo-first-order equation (B)
(C0 = 70 mg g�1, 75 mmol L�1 of H2O2, 250 mg of catalyst, 250 mL, initial pH = 7.0, 25 �C).
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radical-mediated mechanism. Hydroxyl radicals (�OH) were gener-
ated through the reaction between H2O2 and catalyst and then
attacked the organic molecules. To further compare the catalytic
activity of Mn substituted magnetites, the �OH production in H2O2

decomposition was also traced (Fig. 6). The �OH concentration
approximately increased linearly as the reaction proceeded and
was described by the zero-order equation (Eq. (2)). The apparent
rate constant (kapp) for FM0, FM1, FM2, FM3 and FM4 was 0.0225,
0.728, 0.275, 0.198 and 0.154 lg L�1 min�1, respectively. The �OH
production rate by Mn substituted magnetites was greatly higher
than that by FM0. Sample FM1 showed the strongest catalytic activ-
ity, and other substituted samples did not show obvious difference
in their catalytic performance, which is consistent to the observa-
tion from AOII degradation.

1� Ct=C0 ¼ kappt ð2Þ

In this study, Mn substitution significantly improved the heteroge-
neous Fenton activity of magnetite. But the improvement was not
linearly related to the substitution extent. Sample FM1 with lower
Mn content displayed the strongest activity, while for other sam-
ples, the activity did not vary obviously with the increase in Mn
content. From previous studies [12,13], the strong Fenton activity
of magnetite originates from the active species Fe2+ on magnetite
surface and the fast electron transfer between octahedral Fe2+ and
Fe3+. The substitution of transition metals, e.g., Cr3+ [55] and V3+

[18], improved the Fenton activity of magnetite. It was ascribed to
the acceleration of electron transfer by substituting cations to
regenerate Fe2+, and accordingly the intensification of H2O2
Fig. 6. The kinetics of �OH radicals generation process catalyzed by Mn substituted
magnetite samples in the presence of H2O2. (10 mmol L�1 of H2O2, 250 mg of
catalyst, 250 mL, initial pH = 7.0, 25 �C).
decomposition to produce �OH (Fig. A.1). Such effects were greatly
dependent on the occupancy of substituting metals. As the octahe-
dral sites are almost exclusively exposed at the surface of the spinel
structure, the catalytic activity relied on the octahedral Fe2+ rather
than the tetrahedral ones [56].

From AOII degradation and �OH generation test, the catalytic
activity of magnetite varies significantly with Mn content, which
should be related to the changes of Mn coordination environment
(Fig. 4). For sample FM1, Mn cations mainly occupy octahedral
sites in the bulk structure of magnetite (Fig. 4A). The octahedral
Mn2+ and Mn3+ accelerate the electron transfer to regenerate the
Fenton active species Fe2+, which leads to the strong Fenton activ-
ity of FM1 (Fig. A.1) [13,23]. Moreover, the catalytic performance of
magnetites with lower Mn substitution than FM1 (Table A.1) was
tested in the AOII degradation. The XRD patterns of these samples
just displayed the reflections of magnetite, indicating the pure spi-
nel crystalline phase (Fig. A.2). The degradation processes were
also fitted with the pseudo-first-order kinetic equation, and the
degradation rate constants increased with the increase in Mn sub-
stitution (Fig. A.3). This suggests that, for the magnetite samples
with lower Mn substitution than FM1, the Mn substitution gradu-
ally improved the Fenton catalytic activity of magnetite. From the
EXAFS characterization, Mn cations in FM1 occupied the octahedral
sites in the bulk structure of magnetite, and the Mn distribution on
the octahedral sites of magnetite surface increased with an
increase in Mn content. For the samples with Mn substitution
lower than FM1, the Mn cations should mainly occupied the octa-
hedral sites in the bulk structure. The increase in Mn cations in the
bulk structure accelerated the electron transfer in the spinel struc-
ture during the degradation and accordingly improved the catalytic
activity of the resultant magnetite.

But for the samples with higher Mn substitution than FM1, with
the increase in Mn content, partial Mn cations replace Fe on the
octahedral sites of magnetite surface. The decrease in superficial
iron proportion on magnetite surface results in the decrease in
active sites for Fenton reaction (Fig. 4B). For samples FM3 and
FM4, some Mn cations exist as another phase feitknechtite, but
were not incorporated into the magnetite structure, which retards
the electron transfer between Fe and Mn cations (Fig. 4C). The
above changes in coordination environment cause the weaker
Fenton catalytic activity of FM2, FM3, FM4 than that of FM1. But
the presence of Mn cations in the bulk structure in substituted
magnetites still makes their Fenton reactivity higher than FM0.

3.4. Pb(II) adsorption

The effect of Mn substitution on the adsorption properties of
magnetite for heavy metals was investigated in Pb(II) adsorption
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experiments. The amount of adsorbed Pb(II) gradually increased
with the increase in initial concentration and reached the maxi-
mum at the concentration of 300 mg L�1(Fig. 7A).

The adsorption mechanism was discussed by Langmuir and Fre-
undlich adsorption isothermal models. Langmuir model assumes
that the adsorption takes place at specific homogeneous sites
within the adsorbent and has been successfully applied in many
monolayer adsorption processes. Its isotherm is represented by
the following equation [57]:

Ce=qe ¼ Ce=qm þ 1=qmb ð3Þ

where Ce describes the Pb(II) equilibrium concentration (mg L�1); qe

represents the adsorbed amount of Pb(II) at equilibrium (mg g�1); b
is the Langmuir adsorption equilibrium constant (L mg�1) and qm

denotes the maximum adsorption capacity corresponding to com-
plete monolayer coverage (mg g�1). Thus, a plot of Ce/qe vs. Ce

resulted in a straight line of slope (1/qm) and an intercept of 1/
bqm (Fig. 7B). Table 4 shows the adsorption capacity qm for all the
magnetite samples. The qm for FM0, FM1, FM2, FM3 and FM4 was
26.40, 26.92, 26.99, 30.68 and 36.27 mg g�1, respectively. This indi-
cates that the Mn substitution obviously improves the adsorption
property of magnetite for Pb(II).

To determine whether the Pb(II) adsorption on magnetites was
favorable or not for the Langmuir type adsorption process, the iso-
therm shape can be classified by a term ‘‘RL’’, a dimensionless con-
stant separation factor, which is defined in Eq. (4) [34]:

RL ¼ 1=ð1þ bC0Þ ð4Þ

Here, RL is a dimensionless separation factor and C0 is the initial
concentration of Pb(II). The parameter RL indicates the type of iso-
therm to be irreversible (RL = 0), favorable (0 < RL < 1), linear
(RL = 1) or unfavorable (RL > 1). For all the adsorption systems, the
calculated RL values (Table 4) indicate the favorable adsorption of
Pb(II) on all the magnetite samples.
Fig. 7. Adsorption isotherms of Pb(II) on Mn substituted magnetite samples (A) and the
50 mg of magnetite particles).

Table 4
Langmuir isotherm and Freudblich isotherm constants and adsorption equations of Pb(II)

Sample Langmuir equation

qm (mg g�1) b (L mg�1) RL range

FM0 26.40 0.017 0.108–0.863
FM1 26.92 0.020 0.090–0.839
FM2 26.99 0.026 0.073–0.807
FM3 30.68 0.062 0.032–0.634
FM4 36.27 0.063 0.032–0.632
The Freundlich isotherm is derived to model the multilayer
adsorption. The linearized form of Freundlich model is formulated
as Eq. (5) [57]:

log qe ¼ log kþ 1=n log Ce ð5Þ

where k is Freundlich constant roughly indicating adsorption capac-
ity [(mmol g�1) (mmol L�1)�1/n] and n is an empirical parameter
related to the adsorption intensity. The value of n varies with the
heterogeneity of adsorbent, and for favorable adsorption process,
the n value should lie in the range of 1–10. The value of k and n
was calculated from the intercept and slope of linear plot of log qe

vs log Ce, respectively (Fig. 7C and Table 4). The k value indicating
the adsorption capacity also increases with the Mn content, validat-
ing the positive effect of Mn substitution on the Pb(II) adsorption
properties of magnetite.

The coefficient of determination R2 is applied to determine the
relationship between the experimental data and the isotherm in
most studies. The R2 values for linear form of Langmuir and Fre-
undlich isotherms are in the range of 0.988–0.998 and 0.970–
0.990, respectively. The Langmuir model yields a better linearity
than the Freundlich model, indicating that the active sites for Pb(II)
adsorption are homogeneous on magnetite surface.

The speciation of Pb(II) affects its charge properties and accord-
ingly the adsorption by magnetite. Overall, the dominant form of
Pb(II) at pH 2.0 is Pb2+ cation. With the increase in pH from 2.0
to 5.4, other species such as Pb(OH)+ and Pb2(OH)3+ are formed
[51]. At pH values above 5.4, precipitation of hydroxide (Pb(OH)2)
is observed (Fig. A.4). So at the adsorption pH of 4.5, Pb2+ was the
dominant species. As the pHpzc of magnetite samples were close to
7.0 (Table 1), all the magnetites were with positive charge at the
adsorption pH. In this case, the Pb2+ adsorption should not rely
on the electrostatic bonding. It was mainly through the complexa-
tion between the Pb2+ and deprotonated surface hydroxyl group
[58]. Pb2+ acted as a Lewis while the functional surface hydroxyl
group („MAOH) acted as Lewis basis in deprotonated form
ir Langmuir (B) and Freundlich (C) isotherms (50 mL Pb(II) solution, pH = 4.5, 25 �C,

on Mn substituted magnetite samples.

Freudblich equation

R2 K (L g�1) n R2

0.988 1.92 2.32 0.984
0.990 2.69 2.70 0.990
0.994 3.00 2.74 0.988
0.998 9.20 5.00 0.970
0.994 10.94 5.07 0.988
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(„MAO�) to bind the Lewis acid Pb2+ cation [59]. The mono and
binuclear inner-sphere complexes were formed (Eqs. (6) and (7)).
Inner-sphere complexes were with coordinate-covalent bonding
as the primary force and stable than the outer-sphere complexes
in which electrostatic bonding was the main bonding force [59].

� FeOHþ Pb2þ ! FeOPbþ þHþ ð6Þ

� ðFeOHÞ2 þ Pb2þ ! ðFe� OÞ2Pbþ 2Hþ ð7Þ

Obviously, as the Lewis basis, the surface hydroxyl group
(„MAOH) on magnetite was the key functional group in Pb2+

adsorption. From the XAFS and TG–DSC characterization, the sur-
face hydroxyl amount for samples FM0, FM1, FM2, FM3 and FM4
was 0.64%, 1.42%, 2.16%, 2.27% and 2.31%, respectively. The Mn
substitution increased the surface hydroxyl amount of magnetite,
resulting in the improvement of Pb(II) adsorption. Moreover, the
increase in specific surface area (Table 1) provided more contact
field between magnetite surface and Pb(II), which should be
another reason for the improvement of Pb(II) adsorption.

4. Conclusion

In the present study, a series of Mn substituted magnetites was
characterized by XAFS and tested in catalyzing the heterogeneous
Fenton degradation of acid orange II and Pb(II) adsorption. The Mn
substituted magnetites show better catalytic activity than magne-
tite without substitution. The best catalytic efficiency is reached by
the sample with the minimum Mn content, while the other Mn
substituted magnetites show no obvious variations. The Pb(II)
adsorption capacity of magnetite is gradually enhanced with the
increase in Mn substitution.

The above different effects of Mn substitution on the catalytic
activity and adsorption properties of magnetite are ascribed to
the variations of Mn environment in magnetite. Mn cations ini-
tially occupy the octahedral sites in the bulk structure, accelerate
the electron transfer and improve the catalytic activity of magne-
tite, which is in accordance with previous studies in Refs. [13,23].
But with an increase in Mn content, partial Mn cations occupy
the octahedral sites on magnetite surface. This leads to a decrease
in iron active species on magnetite surface and accordingly a
decrease in catalytic activity.

Moreover, the Mn cations on magnetite surface adsorb hydrox-
yls to keep charge equilibrium, resulting in an increase in surface
hydroxyl amount. The functional surface hydroxyl group acts as
Lewis basis to bind the Lewis acid Pb2+ cations and form the
inner-sphere complexes. So the increase in surface hydroxyl
amount leads to the increase in Pb2+ adsorption. The inner-sphere
complexes are more stable than the outer-sphere complexes. Due
to the strong adsorption of Pb(II) on Mn substituted magnetite, this
mineral should be an important attenuator of heavy metals. With
the strong redox and adsorption properties, the effect of Mn substi-
tuted magnetite in the redox processes of heave metals (e.g., Cr and
As) should be quite interesting and is under investigation.

The above results illustrate the remarkable effect of Mn substi-
tution on the catalytic activity and adsorption properties of magne-
tite and would be benefit for the application of magnetite-group
minerals in environment protection.
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