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ABSTRACT: Aqueous Fe(II) (Fe(II)aq) effectively magnifies the n° o o
reducibility of magnetite toward environmental substances. In oz | 2e
natural magnetite, isomorphous substitution by foreign metals is o o /° ° 2N N, ¢ Fe

.
ubiquitous, and Zn** and Co®" have been reported to positively e ® Co" Mt Mg
improve the reducing capacity of magnetite coupled with Fe(II),,. \ é) o -
Though most metal ions significantly alter the surface properties of —0 © o b reo '
magnetite, their effects on the reactivity of magnetite coupled with o WA = Fe(ll)..
Fe(II)aq have rarely been systematically compared, resulting in the 40 o Fe(lll) 4
ambiguity of constraint mechanism and controlling factors. Herein, O‘ZO ) ~
magnetites (Fe;_,M,0,, M = Co®", Mn**, Zn**, Mg**, Cr’*, and Al  Co, Mn, Zn (Cr, Al) Active site density & Conductivity
) with similar substitution level (x ~ 0.5) were synthesized, ~  ng > Promote (Supp'ess)Act,ves,tedens,ty """"" >

characterized, and tested for the reduction of nitrobenzene (NB) in

the presence of Fe(II)aq. Both the reduction kinetics and the extent of electron transfer illustrated the positive effect of divalent
metals but the negative effect of trivalent ones. Such distinct effects were further correlated to the physiochemical properties and
microstructure of magnetite by the Pearson analysis. The active-site density and electrical conductivity of magnetite were critical
factors determining the reduction performance of the coupled system. Specifically, Co, Mn, Zn, and Mg increased the active-site
density and accordingly the adsorption capacity of Fe(II),q. Moreover, the octahedral Mn and Co with thermodynamically favorable
redox pairs, i.e., Co®*/Co®" and Mn*"/Mn?', accelerated electron exchange, giving rise to the increase of electrical conductivity. The
tetrahedral Zn** induced the oxidation of octahedral Fe?* to Fe**, which also promoted the electron transfer. These results shed light
on the role of natural magnetite and its impact on the fate of nitroaromatic compounds in anoxic environments.

KEYWORDS: magnetite, isomorphous substitution, aqueous Fe(II), reduction, electron transfer, Fe(II) adsorption

B INTRODUCTION In recent years, the coupling between magnetite and Fe(II)aq
(magnetite/Fe(II),, system) and the resulting reducibility have
attracted great interest.”'”'> The reduction process of
environmental substance by coupled system follows two
steps: (1) adsorption of Fe(Il),; on the magnetite surface
and (2) electron transfer from adsorbed Fe(II) and magnetite
to environmental substances. Thus, the structural character
and surface properties of magnetite probably dominate the

In anoxic environments, e.g.,, paddy soils and sediments, the
reduction over iron (oxyhydr)oxide surface is a primary
process controlling the migration and transformation of
environmental substances."”” Among iron oxides, magnetite,
which is formed via the reduction of Fe** oxides by
dissimilatory iron-reducing bacteria (DIRB) or the oxidation

of ferrous mineral and iron metal, is one of the Fe’*-bearing reducing capacity of coupled system. Magnetite has an inverse-
minerals.>” Generally, structural Fe** is a strong electron spinel structure, where both Fe?* and Fe’* occupy the
donor.”® Therefore, magnetite has been widely applied in octahedral sites and another equivalence Fe** occupies the
anoxic remediation to effectively reduce organics (e.g., tetrahedral sites. In most nature environments, iron ions in
(chloro)nitrobenzene and carbon tetrachloride),”” heavy magnetite can be isomorphously substituted by various metal
metals (e.g, Cr(VI) and Hg(1I)),*’ and radionuclides (e.g,, ions, e.g, divalent (e.g, Co*, Mn>*, Mg*, and Zn>*),'*""*
U(VID))."” However, with reduction reaction proceeding, trivalent (e.g,, AI* and Cr**),"”" and tetravalent (Ti*") ions.'®

partial Fe*" in magnetite is oxidized, resulting in the loss of

reduction capacity. Interestingly, Fe(II),,, generated through Received: April 7, 2020
the reduction of ferric oxides by DIRB,"' recovers the Revised:  May 12, 2020
reducibility of magnetite through the adsorption and electron Accepted: May 15, 2020
transfer from adsorbed Fe(II) to oxidized magnetite.'"” This Published: May 15, 2020
magnifies the role of magnetite as an effective reductant in

natural environments.
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Table 1. Chemical Analysis and Physicochemical Properties of Fe; M, O, Samples

M/Fe (molar ionic X crystal size  specific surface area active-site density conductivi
sample ratio) ion occupancy  radius (&) a, (A) (nm) (m? g™) (10% site g™") PHpzc Q' em™!
Mag 0 Fe>  octahedron 0.78> 8.394 14.1 74 2.1 6.7 1.54 x 10*

Fe*? octahedron 0.64>
Fe'? tetrahedron 0.49"
Mag- 0.17 Mn*"  octahedron 0.81* 8.476 14.4 60 4.2 7.0 3.20 X 10°
Mn
Mn*? octahedron 0.65"
Mag- 0.20 Co™  octahedron 0.74* 8.379 12.8 83 4.5 6.8 5.21 X 10°
Co
Mag- 0.20 Zn**  tetrahedron 0.60" 8.425 11.8 89 4.0 7.1 1.04 X 10°
Zn
Mag- 0.20 Mg octahedron 0.72% 8.385 11.0 107 2.8 6.9 0.97 x 10*
Mg
Mag- 0.18 Cr**  octahedron 0.63" 8.378 9.6 154 2.0 6.8 1.44 x 10*
Cr
Mag- 0.19 Al octahedron 0.57" 8.368 102 120 L5 6.7 1.13 x 10*
Al

Previous studies have revealed that the isomorphous
substitution of metals in magnetite remarkably changed its
physiochemical properties and microstructure and accordingly
altered its surface reactivity.'®*”>' On the one hand, owing to
the difference in ionic radius, the substitution of Co>*" and
Mn** for Fe*" significantly increases the active-site density of
magnetite, §iving rise to the increase in the adsorption
capacity.””>* This probably promotes the adsorption of
Fe(H)aq. On the other hand, redox-active metals (e.g,, Mn>*/
Mn* and Co?**/Co’") improve the Fenton reactivity of
magnetite, bZr accelerating the electron transfer in the spinel
structure.”'” Similarly, they might speed up the electron
transfer among adsorbed Fe(II), magnetite, and environmental
substance. Thus, some substitutions could enhance or suppress
the reactivity of magnetite/Fe(II)aq system. This has been
verified in our previous study, where Zn** and Co>*
substitutions denerally promoted the reduction of (chloro)-
nitrobenzene.”>** However, to the best of our knowledge, for
most substituting metal ions, their effects on the reducing
capacity of magnetite/Fe(Il),, system have not been system-
atically compared, resulting in the ambiguity of constraint
mechanism and controlling factors.

The objective of this study was to investigate the effects of
metal (Co, Mn, Zn, Mg, Cr, and Al) substitution in magnetite
on the reducing capacity of magnetite/Fe(II),, system and the
constrain mechanism. These metals are common foreign
metals in natural magnetite, which is ubiquitously distributed
in soils, sediments, and rocks.'””*> Nitrobenzene that is widely
used as a probe in reduction studies was chosen to test the
reducing capacitg of different substituted magnetite coupled
with Fe(II)aq.%’2 The reducing capacity of different magnet-
ites coupled with Fe(II),, was compared by the reaction rate
constant, k., and the extent of electron transfer. Pearson
analysis was also performed to distinguish the major and minor
factors controlling the reduction reaction.

B MATERIALS AND METHODS

Magnetite Synthesis. The metal (Co, Mn, Zn, Mg, Cr,
and Al)-substituted magnetite samples Fe;_ M,O, were
synthesized using a coprecipitation method.”® Suitable
amounts of FeCl,-4H,0, FeCl;-6H,0, and corresponding
chlorides of substituting cations (i.e., CoCl,-6H,0, MnCl,-
4H,0, ZnCl,, MgCl,-6H,0, CrCl;-6H,0, and AlCl;) were

dissolved in 400 mL of deionization water (total cation
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concentration = 0.3 mol L"), followed by the addition of 4.0
mL of 6.0 mol L™! HCl and several drops of hydrazine hydrate
to prevent hydroxide precipitation and ferrous oxidation. Then,
the solution was dropwise titrated with a NaOH solution (4.0
mol L™, 210 mL) with vigorous stirring. After mixing, the
reaction was maintained at 90 °C for S h to improve the
growth of particles. The solution was purged by N, during the
whole process to prevent ferrous oxidation. The particles were
separated by centrifugation, washed with deionization water,
and then centrifuged again. After washing five times, the
samples were collected, dried in a freeze dryer for 24 h, ground,
and sieved through a 200-mesh screen.

The contents of Fe and substituting metals in Fe; M, O,
were analyzed on an Agilent 7700X inductively coupled plasma
mass spectrometer (ICP-MS) after complete dissolution in a
6.0 mol L' HCI solution in an anaerobic glovebox. The x
value in Fe;_ MO, was calculated based on eq 1

3 X 55.85 X Cy
X =
M X Cp + 5585 X Cy

(1)

where M is the molar mass of substituting cations and Cg, and
Cy; are the contents of Fe and substituting cations in synthetic
Fe;_,M,O,, respectively. The molar ratio of Fe and
substituting metals was about S:1 (Tables 1 and S1). The
obtained magnetites were labeled as Mag, Mag-Co, Mag-Mn,
Mag-Zn, Mag-Mg, Mag-Cr, and Mag-Al

Magnetite Characterization. X-ray diffraction (XRD)
patterns were obtained on a Bruker D8 Advance diffractometer
with Cu Kar (40 kV and 40 mA) radiation source recording in
a 260 range of 10—80° at a step of 3° min~'. The lattice
parameter a, was calculated from the reflections (111), (220),
(311), (400), (511), and (440) by the Nelson-Riley method.
The Brunauer—Emmett—Teller (BET) specific surface area
(SSA) was measured by N, adsorption on a Micromeritics
ASAP 2020 instrument. The active-site density and the point
of zero charge (PZC) of magnetite were analyzed by an acid/
base titration method on a Mettler Toledo ET18 (Text S1).
The electrical conductivity was analyzed on a PPMS-9
instrument. The “’Fe Mossbauer spectra were detected on a
Web Research, Inc. spectrometer at room temperature. The
spectrometer with a S0 mCi ’Co source dispersed as 10 wt %
in a thin Rh foil was equipped with a Janis Model SHE-850-5
closed-cycle cryostat under triangular waveform mode. Spectra

https://dx.doi.org/10.1021/acsearthspacechem.0c00089
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were calibrated by a 7 pum iron foil under the same
measurement condition.

Batch Reduction Tests. The reduction of NB was
conducted in an anaerobic glovebox (O,(g) < 0.1 ppm, 25
°C) to prevent the oxidation of Fe(II)aq and magnetite. pH was
controlled at 7.2 using a 3-(N-morpholino)-propanesulfonic
acid (MOPS) buffer solution (0.5 mol L™, 10% by volume) to
exclude the formation of Fe(OH), precipitation at pH > 8.0
and the invalid adsorption of Fe(H)aq on the Fe; MO,
surface at pH lower than pH,, (6.7-7.1, Table 1). 012
The MOPS with pK, of 7.2 was chosen as a buffer solution,
which was often selected in previous studies.”'> A stock
Fe(II),q solution (2 mL, 0.2 mol L™}, pH 1.0) was introduced
into the Fe;_,M,0, suspension (1.0 g L™, 200 mL), followed
by shaking at 560 rpm for 60 min to achieve equilibrium.
Then, 2.0 mL of an NB stock solution (1.0 g L™! in methanol)
was added to initiate the reduction experiments. At each
sampling time, 1 mL of aliquot was taken and immediately
filtered through a hydrophilic polytetrafluoroethylene (PTFE)
syringe filter (0.22 ym, Anpel) for chromatography analysis.

The concentrations of NB and its reduction products, i.e.,
nitrosobenzene, hydroxylamine, and aniline, were analyzed by
high-performance liquid chromatography (HPLC, LC-20A4,
Shimadzu, Japan) with an ultraviolet—visible (UV—vis)
detector at 254 nm, as described in the literature.”> The
concentration of Fe(Il),, was traced by phenanthroline
method.” The total Fe content was measured after reducing
Fe(IlI) to Fe(Il) by a 10% hydroxylamine hydrochloride
solution.”*

Data Analysis. The Pearson correlation analysis was
conducted to assess the associations among all of the assigned
variables. The linear regression function analysis was
performed by applying the stepwise selection procedures in
SPSS V13.0. The extent of electron transfer and reaction rate
constant kg, were defined as efficiency response variables. The
physicochemical properties, including electrical conductivity,
pH of the point of zero charge (pH,,), Fe(Il),q adsorption
capacity, active-site density, SSA, and crystal size, were
expressed as potential influence variables.

B RESULTS AND DISCUSSION

Composition, Structure, and Surface Properties. The
chemical compositions of Fe; .M, O, obtained from the
chemical analysis indicated that the substitution level in
Fe; M,O, was essentially the same, as the molar ratio of
substituting metal to iron was close to 0.2 (Tables 1 and S1).
This facilitated the comparison among the studied metals for
their effects on the reactivity of coupled system.

The XRD patterns of Fe,_,M,0, (Figure 1) corresponded
well to the standard card of magnetite (JCPDS: 19-0629),
without observable diffractions related to substituting metal
oxides. Thus, all of the synthetic samples had a spinel structure,
where substituting metal cations entered the structure of
magnetite rather than forming their oxides. For some samples,
i.e., Mag-Mg and Mag-Zn, the diffraction peaks at ca. 31.6 and
45.5° appeared, attributing to the NaCl formed from the
reagents in magnetite synthesis, i.e., sodium hydroxide and
chloride salts. After substitution, the diffraction peak of
magnetite at ca. 35.5° shifted toward higher or lower angles,
and the lattice parameter a, significantly increased or
decreased. This was ascribed to the difference in ionic radii
among Fe®, Fe*, and substituting cations (Table 1). For
example, the ionic radius of Zn** on the tetrahedral sites is
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Figure 1. XRD patterns of Fe;_ M,O, samples and the standard card
of magnetite (JCPDS: 19-0629).

0.060 nm, which is considerably larger than that of the
tetrahedral Fe** (0.049 nm).'® Therefore, the incorporation of
Zn*" into magnetite expanded the lattice and increased the
lattice parameter. According to Bragg’s law, the interplanar
spacing d is negatively correlated with the diffraction angle
260.%° Thus, the diffraction peaks shifted to a lower angle by Zn
substitution.

The occupancy of substituting metals in the spinel structure
of magnetite was analyzed by Mossbauer spectroscopy. For
Mayg, it consisted of hyperfine field (B;) of 47.9 T (tetrahedral
site A) and 43.2 T (octahedral site B) with isomer shifts (IS)
of 0.329 and 0.375 mm s~', respectively (Table S2). The IS
value of B sites was lower than the theoretical value of
octahedral Fe** and Fe** (0.600—0.700 mm s~!),***" which
was ascribed to the oxidation of Mag in the synthesis and
preservation. For Mag-Co and Mag-Mg, the relative area of B
sites decreased from 64.9 (Mag) to 48.3 and 50.6%,
respectively (Table S2 and Figure S1). This indicated the
octahedral preference of Co** and Mg** in magnetite. Similar
octahedral occupancy of Cr** and AI’* was also confirmed in
previous studies.’””’ For Mag-Mn, the relative area of B sites
(60.6%) was lower than that of Mag (64.9%) (Table S2 and
Figure S1). According to previous studies,””** the coexisting
Mn*" and Mn®' in magnetite primarily occupied the octahedral
sites with a minor amount occupying the tetrahedral sites,
which was confirmed by the decrease of the relative area of B
sites by Mn substitution. Based on the X-ray adsorption fine
structure (XAFS) analysis in our previous study,” Zn®>* in
Mag-Zn preferentially occupied the tetrahedral sites, accom-
panied with the oxidation of octahedral Fe** to Fe’* to keep
the charge balance.'®

The above different occupancy of substituting ions gave rise
to distinct surface properties of Fe;_,M,O, (Table 1). For
example, most substitutions greatly altered the BET SSA of
magnetite. The incorporation of Mg, Cr, Al, and Zn showed a
positive effect on SSA, while Mn had a negative effect. The
active sites are the active surface hydroxyls (=FeOH) at the
magnetite surface, which are amphoteric and can bind or
release protons.”” The active-site density of Fe;_,M,O, was
calculated by the Gran function (Figure S2), which was in the
range of (1.5—4.5) X 10% site g~'. The substitutions of Co,
Mn, Zn, and Mg increased the active-site density, while Cr and
Al decreased it. The pH,,. of Fe; \M,O, was similar, in the
range of 6.7—7.1. Co, Mn, and Zn substitutions increased the
electrical conductivity of magnetite, while Mg, Cr, and Al
substitutions decreased it.

NB Reduction by Fe;_,M,0,/Fe(ll),q. In the presence of
sole Fe;_ M, O, (Figure S3), ~100% NB remained in solution.
This suggested that NB could be neither adsorbed nor reduced
by Fe;_,M,O,. The lack of adsorption was attributed to the
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electrostatic repulsion between Fe; M, O, (pHpZC in the range
of 6.7-7.1) and NB (pK, = —12.44) at pH 7.2, while the
invalid reduction was related to the low Fe?* content in
Fe,_,M,0,.” In the presence of Fe(II)aq alone, NB was slowly
reduced with the removal efficiency of ~58.7% in 120 min
(Figure 2). But NB reduction was significantly enhanced when

* Fe(ll), * Mag +Fe(ll,,

m Mag-Co+Fe(ll),, ® Mag-Mn + Fell),,
v MagMg + Fe(l),,
<« MagCrFe(ll),, > Mag-Al +Fe(ll),,

N
o
!

A MagZn +Fe(ll),

e 9o
o o
L L

Nitrobenzene C,/C,
=]
=

t/min

Figure 2. Reduction of nitrobenzene by Fe;_,M,O,/Fe(Il),, systems
and its fitting by a three-parameter single exponential decay model
([Fey_M,0,]p = 1.0 g L', [Fe(1l),;]o = 2.0 mmol L™, [NB], =
0.081 mmol L™, and pH = 7.2 + 0.1).

magnetite coexisted with Fe(Il),. This indicated that the NB
reduction by the magnetite/ Fe(II) system was controlled by
a heterogeneous process, where adsorbed Fe(II) acted as an
electron donor. According to previous studies, the substance
was reduced by structural Fe’* in magnetite, where the
oxidized magnetite was further recharged by adsorbed
Fe(II).""" Among Fe; M,0,/Fe(Il),, systems, NB was
completely reduced by Mag—Co/Fe(II)aq, Mag-Mn/Fe(Il),,,
Mag—Zn/Fe(H)aq, and Mag—Mg/Fe(H) in 40 min, and by
Mag/Fe(II) and Mag—Cr/Fe(H) in 120 min. For Mag-Al/
Fe(ID),q apprommately 71.1% of NB was removed in 120 min
(Figure 2). Thus, the substitutions of Co, Mn, Zn, and Mg
promoted the reducibility of magnetite/Fe(II),q system, while
Cr and Al substitutions retarded the reactivity of the
magnetite/ Fe(II)aq system.

The reduction kinetics of NB was modeled using a three-
parameter single exponential decay model (R* > 0.91, Text
$2),” which was separated in two stages, i.e., an initially rapid
reduction followed by a delayed reduction. The deceleration in
the second stage was ascribed to the oxidation precipitation of
Fe(II) on the magnetite surface, which formed a passivation
layer blocking the active sites.* The k,,, value decreased as
follows: Mag-Co/Fe(Il),; > Mag-Mn/Fe(Il),, > Mag-Zn/
Fe(Il),, > Mag—Mg/Fe(H) > Mag/Fe(Il),q > Mag-Cr/
Fe(1I),, > Mag-Al/Fe(Il),, cETable S3 and Flgure 3). This
further 1llustrated the positive roles of Co, Mn, Zn, and Mg
substitutions on the reducibility of the magnetite/Fe(H)aq
system.

During the reduction process, two intermediates, i.e.,
nitrosobenzene and hydroxylamine, were detected. They
were quickly generated, but finally transformed to aniline
(Figure S4). According to previous studies,”®*” aniline is less
toxic and more easily mineralized and biodegraded than NB.
The mass balance of reaction products illustrated that NB was
stoichiometrically reduced to aniline (Figure S4). The
distribution of NB and its reduction products also reflected
their difference in the reducing capacity of Fe;_,M,0,/Fe(Il),
systems. For instance, within 40 min, almost 100% aniline was
generated by the high reducing systems, Mag-Co/Fe(II), and
Mag-Mn/ Fe(H)aq, but only 30.9% aniline was generated i 1n the
low-activity Mag- Al/Fe(II) system (Figure S4). Based on the
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distribution of reduction products, the extent of electron
transfer in Fe;_ M, 0O,/ Fe(II) systems was quantified (eq 2
and Figure 3). It displayed a 51m11ar variation trend to those of
rate constant, k., and aniline generation rate among
Fe; ,M,0,/Fe(Il),, systems (Figure 3).

[e—] , transferred

= 2[Ar — NOJ, + 4[Ar — NHOH], + 6
[Ar — NH,], @)

The variation of the Fe(II) concentration was also traced
Before the NB addition, the initial adsorption of Fe(II)

Mag, Mag-Co, Mag-Mn, Mag-Zn, Mag-Mg, Mag-Cr, and Mag
Al was 1.07, 1.48, 1.42, 1.36, 1.29, 0.82, and 0.79 mmol g_l,

respectively (Figure 4), which was linearly correlated to kg,

- 2.0 +» NBaddition —'—xag»;w :e(\l‘),,

° j— > —e—Mag-Mn + Fe(ll),,

g —A—Mag-Zn +Fe(ll),,
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Figure 4. Variation of Fe(II) concentration versus reaction time
([Fey_M,0,)y = 1.0 g L7 Pe(u)a Jo = 2.0 mmol L™, [NB], =
0.081 mmol L™, and pH = 7.2 + 0.1).

(R* = 0.89, Table 2). This 1nd1cated the vital role of adsorbed
Fe(II) in the reduction reaction.'” The adsorbed Fe(II) could
reduce octahedral Fe®* to octahedral Fe®* in the underlyin
magnetite and recover the reducing capacity of magnetite.
Since the excess dissolved Fe(II) was not removed after the
adsorption equilibrium, it could be readsorbed on magnetite
and the oxidized magnetite could be reduced."”"® Thus, the
Fe(II) concentration gradually decreased as the reduction
process proceeded (Figure 4). With the reaction proceeding,
the generated Fe(III) was precipitated on the Fe;_,Zn O,
surface and could not be detected in the solution.
Correlation Analysis. Based on the variation of physi-
ochemical properties and microstructure of magnetite by
substitution, and their activity toward NB reduction with
Fe(II)aq, the Pearson analysis was carried out to grasp the
mechanism of metal substitution on the reducibility of
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Table 2. Related Matrix of Pearson Correlation Analysis for the Physiochemical Properties and Reactivities of Substituted

Magnetite Fe;_ M, 0,”

crystal specific surface active-site

size area density
crystal size 1.000
specific surface area ~ —0.974 1.000
active-site density 1.000
conductivity 0.873
PHpc
Fe(II),, adsorption —0.730 0.952
rate constant ki, 0.933
election transferred 0.955

Fe(ID), rate constant election
conductivity  pH,, adsorption (kops) transferred
1.000
1.000
0.762 1.000
0.944 0.889 1.000
0.714 0.971 0.837 1.000

“Data are not shown owing to no significant correlation with each other (P > 0.05 and R* < 0.50).

magnetite/ Fe(H)aq system and the controlling factors (Figure
S5 and Table 2).

As observed in the NB reduction by Fe3_xMxO4/Fe(H)aq,
the adsorption of Fe(II)aq was indispensable for the efficient
reduction. Thus, in Pearson analysis, the reduction rate
constant, i.e., ky,,, was closely related to the amount of Fe(II)
adsorption (R* = 0.89). This was consistent with the study by
Klausen et al,'* where kg, increased with increasing Fe(II),,
concentration and leveled out as the adsorption of Fe(II)aq
achieved saturation. For the amount of Fe(II) adsorption, it
displayed a positive correlation with active-site density (R*
0.95). According to the previous study," Fe(II),, was
adsorbed on the magnetite surface via inner-sphere complex-
ation rather than outer-sphere complexation and complexed
with the deprotonated surface hydroxyls directly at the
magnetite surface; therefore, the density of active surface
hydroxyls determined the Fe(II) adsorption. The inner-sphere
adsorbed Fe(II) facilitated the electron transfer to magnetite
and environmental substances through conjugated electron
orbits. This accounted for the vital role of Fe(II)aq adsorption
for the reducibility of magnetite/ Fe(II)a\q system. Among the
substituting metals, Mn, Co, Zn, and Mg increased the active-
site density of magnetite and thus improved the adsorption of
Fe(II)aq, whereas Al and Cr showed a suppressing effect. Our
previous study also showed that the metal substitutions
constrained the active-site density of magnetite, resulting in
the enhancement of Pb(II) adsorption on magnetite.”’
Theoretically, the adsorption of Fe(II)aq on the magnetite
surface should be strongly dependent on pH. But in this study,
the Fe(Il),, adsorption was found to be irrelevant to pHp;c
(6.7—7.1) of Fe;_,M,O,. This was probably ascribed to the
negligible effect of substitution on pHp;c and the similar
reaction pH (7.2) to pHp,c. Specific surface area showed a
negative correlation to crystal size, due to the fact that low
crystallinity decreased crystal size and accordingly increased
SSA. It was interesting to find the negative relationship
between the amount of Fe(Il),, adsorption and SSA (R* =
—0.73). This was probably ascribed to the steric hindrance
effect during the Fe(II) complexation with magnetite particles
with smaller size but larger SSA.

After the introduction of NB to the magnetite/Fe(H)aq
system, NB was reduced by adsorbed Fe(II) and Fe;_,M,O,.
Thus, k,,, manifested positive correlation with not only the
Fe(II),q adsorption (R* = 0.89) but also the extent of electron
transfer reaction (R*> = 0.84). On the one hand, the electron
transfer reaction was greatly constrained by the Fe(II)aq
adsorption (R* = 0.97), indicating the critical role of adsorbed
Fe(II) as an electron donor. Thus, the electron transfer
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reaction was also positively correlated to the active-site density
(R* = 0.96), due to the close association between active-site
density and the Fe(II)aq adsorption (R? = 0.95).

On the other hand, the electron transfer reaction was also
affected by the conductivity of Fe;_ M, O, (R* = 0.71). This
was explained by the electron transfer driven by bulk electron
conduction.’® In the magnetite/ Fe(II)aq system, magnetite
acted as a source/sink of electron in the coupled system, where
electrons migrated both within the bulk structure and across
the solid—water interface from magnetite to environmental
substances.”'#'> Thus, the electron transfer process was
mediated by conductivity, affecting the regeneration of active
sites and the ongoing reduction reaction. Among the
substituting metals, Mn, Co, and Zn significantly increased
the conductivity of magnetite, while Mg, Cr, and Al showed an
inhibition effect, owing to their chemical properties and
microstructure in magnetite. The excellent conductivity of
magnetite originated from the electron delocalization between
octahedral Fe’* and Fe*". Co and Mn occupied the octahedral
sites and form large quantities of galvanic couples by coupling
the thermodynamically favorable redox pairs Co>*/Co®,
Mn**/Mn*, and Fe*"/Fe®, resulting in the acceleration of
electron transfer and thus the increase of conductivity.””*” For
Zn*, it primarily replaced the tetrahedral Fe®*, together with
the octahedral Fe?* oxidation.'®” This increased the electron
transfer reaction on the octahedral sites and thus enhanced the
conductivity of magnetite. For Mg, Cr, and Al with unique
valence fitting for the accommodation in the spinel structure
(ie, Mg*, Cr*, and AI*"), they occupied the octahedral sites
and decreased the structural Fe** or Fe** content, respectively,
giving rise to the decrease in conductivity.

Based on the Pearson analysis, among the physicochemical
properties of magnetite, active-site density and conductivity
were the primary factors determining the effect of metal
substitution on the reducibility of magnetite/ Fe(H)aq system.
The Co, Mn, and Zn substitutions increased both the active-
site density and conductivity of magnetite, while Mg
substitutions increased only the active-site density. This was
also partially found in previous studies. For example, Co and
Mn substitutions significantly increased the active-site density
of magnetite and accordingly improved the adsorption capacity
toward Pb(II).””** Zn and Co substitutions generally
promoted the reduction of (chloro)nitrobenzene via the
enhancement of the conductivity of magnetite.””** Co and
Mn substitutions improved the Fenton reactivity of magnetite
by accelerating the electron transfer in the magnetite
structure.'®*' Thus, the substitution of these metals benefited
the reducing capacity of the magnetite/Fe(II),, system in the
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order of Co > Mn > Zn > Mg. On the contrary, Cr and Al
substitutions decreased both the active-site density and
conductivity and thus suppressed the reducing capacity of
the coupled system.

B CONCLUSIONS

In the present study, NB was rapidly reduced by different
substituted magnetite (Fe;_M,0, M = Co®', Mn**, Zn*,
Mg*, Cr**, and AP**) coupled with Fe(II),. Both the
reduction kinetics and the extent of electron transfer indicated
that the substitution of divalent metals in magnetite
significantly improved the reducing capacity of magnetite/
Fe(II),, system, while trivalent metals suppressed the
reduction. These phenomena were attributed to the variation
of the active-site density and conductivity of magnetite induced
by substitutions. Co, Mn, and Zn substitutions increased both
the active-site density and conductivity of magnetite,
promoting the Fe(II),, adsorption and electron transfer
reaction in the system, while Cr and Al substitution operated
in the reverse direction. The Mg substitution only increased
the active-site density but slightly decreased conductivity. The
obtained results will be helpful for better understanding of the
effects of isomorphous substitution on the surface reactivity of
magnetite and providing important clues for the application of
natural magnetite to the anoxic remediation technology.
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