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Abstract

Although there is a growing interest in environmentally friendly catalytic processes based
on magnetic solids, the reactivity of titanomagnetite (Fe;TixO4) having a “tunable” solid-state
Fe(IT)/Fe(Ill) ratio for reductive transformation of nitroaromatic compounds has been never
investigated. This study, for the first time, comprehensively examines the reduction kinetics of
nitroaromatic compounds by titanium-substituted magnetite and compares with that of Fe(Il)
amended-un-substituted magnetite at equal amounts of total Fe(Il). Firstly, we have demonstrated
that Ti substitution in magnetite increased considerably the ability of magnetite to reduce 4-
Nitrophenol (4-NP) as well as Nitrobenzene (NB) in a surface-mediated electron transfer
pathway. However, Fe(Il)-amendment of magnetite (x=0) to have equivalent amount of total
Fe(Il) as in the corresponding titanomagnetite (0.25 < x < 0.75) resulted in higher reduction rate
constants for both substrates (4-NP and NB). Initial k,,s was shown to increase exponentially with
(Fe(II)/Fe(III))poung in magnetite, while for titanomagnetites a logarithmic dependence of ks with
increasing (Fe(II)/Fe(Ill))pouna Was observed. Only the early stage kinetic behavior differs
between titanomagnetite and Fe(Il)-amended magnetite at the same total Fe(Il) amount. Changes
in Fe*"/Fe’" electron delocalization properties or electron hopping, presumably due to the mixing
of Fe’" and Ti*" on the octahedral sites, may affect the surface-mediated electron transfer
between the solid state and redox sensitive species in solution. These bulk-controlled mechanisms
drive the electron transfer process both within the solid phase and across the solid/water interface,
thereby altering the regeneration of active sites and ongoing reduction reaction on the magnetite

surface.
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Introduction

Magnetite is a common mineral that may be formed by biogenic or chemogenic processes
in a variety of natural settings. Magnetite can be an important reductant in natural soils, which
has been shown to reduce 4-chloronitrobenzene,' nitrobenzene,z'4 carbon tetrachloride™® and
other organic contaminants.” The stoichiometry of the particles (i.e. Fe(II)/Fe(Ill) ratio that can
vary from 0 to 0.5) is one of the most important factors in the reduction reaction, and could
govern the reactivity of magnetite in natural and engineered systems.>® Perfectly stoichiometric
magnetite particles (i.e. Fe(Il)/Fe(IIl) ratio= 0.5) is the most reactive magnetite, while partially
oxidized magnetite or non-stoichiometric magnetite (i.e. low Fe(II)/Fe(Ill) ratio) loses its
reductive effectiveness.® Exposing non-stoichiometric magnetite to a source of Fe(II) can restore
the 0.5 ratio through oxidation of adsorbed Fe(II), accompanied by reduction of the octahedral
Fe(I1I) in the underlying magnetite to octahedral Fe(I).> Since it is generally accepted that the
structural Fe(Il) is the driving factor in magnetite-mediated reduction, investigations to recharge
magnetite surfaces by Fe(Il) in order to trigger or enhance the reactivity have attracted great
attention.””’

Another way to increase the solid state Fe(II)/Fe(III) ratio and then the reductive ability of
magnetite is the structural incorporation of elements such as tetravalent titanium (Ti(IV)). For
instance, the substitution of Fe(IIl) by Ti(IV) is accompanied by the reduction of lattice Fe(III) to
Fe(II) for charge balance, and thus increases the amount of structural Fe(II) in the inverse spinel
structure of magnetite. This spinel ferrite called titanomagnetite (Fes;TixO4) was presented as a

“tunable” solid-state Fe(II)/Fe(Ill) redox system, '

and might be seen as advantageous over
Fe(Il)-recharge of magnetite. The reductive ability of titanomagnetite has been recently

investigated, but only for inorganic compounds, e.g. Te(VII), Np(IV) and U(VI).'""*!* In these

ACS Paragon Plus Environment



©CoO~NOUITA,WNPE

studies, titanomagnetites are found, as expected, stronger reductants than stoichiometric
magnetite due to their higher Fe(II) content, but none of these studies have attempted to compare
the reactivity of titanomagnetite with that of Fe(Il)-amended magnetite at the same total amount
of Fe(Il). As the Fe(Il)-bearing catalysts are widely used for reductive transformation of
nitroaromatic or halogenated compounds,'” the reductive abilities of titanomagnetite and Fe(II)-
amended magnetite merit investigation from both environmental and engineering points of view.
The main objective of this study is, therefore, to compare the redox activity of
titanomagnetite with that of Fe(Il) amended-magnetite at equal amounts of initial Fe(Il). For this
purpose, titanomagnetites were synthesized with controlled Ti content (x = 0, 0.25, 0.38, 0.5 and
0.75) to tune the solid-state Fe(Il)/Fe(Ill) ratio, and then characterized by transmission electron
microscopy (TEM), BET specific surface area analysis, and X-ray diffraction (XRD). 4-
nitrophenol (4-NP) was selected as a target contaminant because nitrophenols are one of the most
used chemicals in production of dyes, pesticides, and pharmaceuticals and are suspected
carcinogens. In addition, conversion of 4-NP to Aminophenol (4-AP) has great commercial
relevance because 4-AP is an important intermediate for production of analgesic/antipyretic drugs
and acetaminophen (e.g. paracetamol). Nitrobenzene (NB) (a non-phenolic analog to 4-NP), that
is widely used as a probe in reduction studies, was also used in order to test the influence of
molecular structure on the reductive ability of titanomagnetite. The effect of Ti content (x) and
solid loading on variations of kinetic rates and dissolved Fe(Il) was investigated. As pH is a key
reaction parameter in surface-mediated processes involving Fe species, reduction kinetics by Fes.
x11xO4 and Fe(I)-amended magnetite were determined under anaerobic conditions as a function
of pH (6 to 9). The electron transfer processes both within the bulk phase and across the
oxide/water interface are discussed in order to explain the discrepancy of reduction kinetics

between titanomagnetite and Fe(Il)-amended magnetite.
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Experimental procedures

Materials. If not mentioned, chemicals (all pro analytical quality or better) were obtained from
Sigma Aldrich. Solutions were prepared with ultrapure “MilliQ” water (specific resistivity, 18.2
MQ cm'l). Magnetite (Fe;Os; hereafter denoted “M”) and titanomagnetites (Fes;TixO4; x = 0.25,
0.38, 0.5 and 0.75; hereafter denoted “TiMO0.25”, “TiMO0.38”, “TiMO0.5” and “TiMO0.75”,
respectively) were synthesized applying the same procedure, according to the protocol of Pearce
et al.'’, which involves a room temperature aqueous precipitation method in an anaerobic
chamber (JACOMEX; N,-glovebox; Oy, < 10 ppm). A 0.3 M HCI solution containing (1 + Xx)
mol L' FeCl, and (2 - 2x) mol L™ FeCl; was prepared first, followed by a dropwise addition of x
mol L TiCly. Then, this solution was introduced into an Nj-sparged 25% w/v ammonium
(NH4OH) solution, with continuous stirring at 1400 rpm, leading to instantaneous precipitation of
titanomagnetite nanoparticles according to the equation:
(1+x)Fe’™ + (2 -2x) Fe’" +x Ti*" + 8 OH" — Fe3TiyO4 + 4 H,O

The solids were washed three times with ultrapure water purged with N, for 4 h and then
centrifuging for 5 min at 4000 rpm. Finally, mother suspensions were prepared by re-suspending

titanomagnetite nanoparticles in ultrapure water, which naturally equilibrated at 8§ <pH < 8.5.

Characterization of titanomagnetite nanoparticles. An aliquot of each titanomagnetite
suspension was taken and digested in Nj-sparged 5 M HCI inside the glovebox overnight with
shaking. Dissolved Fe(Il) and Fe(Ill) concentrations were determined applying the
phenanthroline method.” It was previously shown that chemical analysis could determine

accurately Fe(II)/Fe(Il) in both magnetite and titanomagnetite.>'® The total Fe(II)/Fe(IlI) ratio of
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the samples, as determined by chemical analysis, were expectedly somewhat lower than the
theoretical Fe(Il)/Fe(Ill) ratio (Table 1) calculated from the ratio of FeCl,/FeCl; used in the
synthesis. This results from the washing step employed to remove any unreacted metal chlorides
after synthesis,'’ as previously seen for magnetite, which is due to larger dissolution of Fe(II)
than Fe(III).* Small amounts of titanomagnetite nanoparticles were dried for B.E.T. surface area
determination (Tristar, Micromeritics). Surface area is given for each solid in Table 1.

Powder X-ray diffraction (XRD; Bruker D8 Advance diffractometer) analysis was
conducted. The diffractometer works with a monochromatized Cu Kol radiation (A = 1.5406 A)
and is equipped with a LynxEye fast detector enabling a photon energy selection and thus the
removal of Fe-fluorescence background signal. Titanomagnetite suspension was placed on a
misoriented Si single crystal holder and dried for 2 h in an anaerobic chamber. To avoid the
oxidation of titanomagnetite during the analysis of XRD, the dried sample was covered with a
drop of glycerol. The samples were scanned in the 26 range from 10° to 130° with steps of 0.01°
and integration time of 716 s step’. The XRD patterns of magnetite and of titanomagnetites are
indexed with the peaks of magnetite (Fig. S1). Refinement of the XRD patterns using the Le Bail
method with the help of the Fullprof software™ enabled to determine (i) the cell parameters of the
phase and (ii) the average crystallite size by fitting the lorentzian enlargement of the peaks
compared to a reference corundum sample and deconvoluting the instrumental contribution from
the total FWHM using a Thompson-Cox-Hastings profile function (Table 1). The refined cell
parameter varies from a = 8.384(2) A for the unsubstituted magnetite to a = 8.413(2) A for
Fe;25Ti9.7504. These values are slightly smaller than the ones reported by Pearce et al.'” but the
difference along the solid solution is identical (0.029 A) in both cases (0 < x < 0.75 in the present

case, 0 < x < 0.67 in Pearce et al.'”). The determined crystallite sizes are 9-13 nm for 0 < x < 0.5,
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1012 For x = 0.75, larger crystallite diameter (28 nm) but larger surface area

as previously shown.
were found, which might be explained by the inhomogeneous distribution of particles, and the
presence of non-structural Ti(IV)/Fe(II) amorphous phase. This amorphous phase appears on the
XRD patterns of TiM0.5 and TiMO0.75 as very broad diffraction features centered around 34 and
63° (Fig. S1).

Transmission electron microscopy (TEM; Jeol JEM 1230 microscope) was used for
titanomagnetite nanoparticles characterization. A small aliquot of titanomagnetite mother
suspension was diluted with ethanol solution. A droplet of the diluted suspension was deposited
on gold TEM grids and the samples analyzed at an acceleration voltage of 200 kV. TEM images
generally revealed aggregates of 10-15 nm diameter sized particles (Fig. S2), but for x = 0.75
larger particles (up to ~50 nm) were observed. Non-structural Ti(IV)/Fe(II) amorphous phase on

the x = 0.5 and 0.75 nanoparticle surface can also be seen, in agreement with previous study,'

where Ti was expected to be incorporated in magnetite only up to x = 0.38.

Reduction of 4-NP and NB by titanomagnetite. The reduction of 4-NP by titanomagnetite was
carried out in 250 mL Nalgene™ polypropylene bottles under anaerobic conditions (glovebox).
Sample volume was 200 mL. All experiments were conducted under constant magnetic stirring
(1400 rpm), a stirring speed that effectively ensured a homogeneous suspension according to
preliminary tests. Variations in pH, Eh, [4-NP], [4-AP] and [Fe(II)].q during the reaction were
monitored. At each sampling time, an aliquot was taken and filtered (0.2 pm, Whatman) for high
performance liquid chromatography analysis with UV-vis detection (HPLC-UV; for [4-NP] and
[4-AP]) and dissolved Fe(Il) analysis (by the phenanthroline method). Mobile phase for HPLC
was a mixture of 50% ultrapure water, 50% acetonitrile (HPLC grade, J.T. Baker, USA), and 1%

formic acid. [4-NP] and [4-AP] were measured at a flow rate of 1.0 mL min™ at wavelengths of

7
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317 nm and 273 nm, respectively. In addition, changes of [4-NP] was measured for some series
of experiments by UV-vis spectrophotometry (CARY 50 probe, Varian) at 400 nm. Filtered
samples were diluted by 10 in 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS) (pH = 8)
for UV-vis analysis. Both methods (HPLC and UV-vis spectrophotometry) were in excellent
agreement. Experimental errors on [Fe(Il)], [4-NP] and [4-AP] determination were 5% in the
worst case, as also confirmed by duplicating the experiments. As a conservative approach,
standard deviations on the rate constants were determined assuming 5% uncertainty on [4-NP]
determination.

pH and Eh were recorded in both titanomagnetite and Fe(II)-amended magnetite
suspensions using a portable multi-parameter electrode (pH, Eh and T; Hach, sensION+5045).
The pH electrode was calibrated with 3 standard buffers (pH 4, 7 and 10). The Pt-electrode
combined with a Ag/AgCl reference electrode, used for redox potential measurements, was
calibrated using a commercial redox-buffer (220 mV vs Ag/AgCl). Raw data were converted into
Eh vs. standard hydrogen electrode (SHE) by correcting for the potential of the reference
electrode. Note that measured Eh values are only used as qualitative indication in this study.

Experiments were conducted in buffered pH systems using 50 mM MOPS, which is a
commonly used pH-buffer in Fe-based redox reactions studies.™’® All experiments were
conducted at pH = 8, except when pH effects were investigated. The titanomagnetites
suspensions were pre-equilibrated during 60 min, together with the multi-parameter electrode, to
ensure a stable Eh reading (see e.g. Fig. S3). After noting pH and Eh values at the end of these 60
min, 0.1 mM 4-NP (or 10 uM 4-NP, for some experiments) was spiked into the suspension. Final
pH and Eh values were taken after immersing the multi-parameter electrode in the batch during
the last 60 min of the experiment (i.e. from 180 to 240 min). The effect of Ti content on 4-NP

reduction (x = 0, 0.25, 0.38, 0.5 and 0.75) was investigated at pH = 8 for 200 mg L

8
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(titano)magnetite (0.76, 1.06, 1.20, 1.31 and 1.53 mM Fe(Il) equivalent, respectively). For all
experimental conditions, the amount of Fe(Il) equivalent was larger than electron equivalent
amount required for the complete reduction of 4-NP (i.e. 0.6 meq of electron for 0.1 mM 4-NP).

To facilitate the comparison between magnetite and titanomagnetite, Fe(II) was added to
magnetite suspension in order to have an equal amount of total Fe(Il), so that the initial
concentration of Fe(Il) in each of the Fe;TiyO4 experiments was equal to the initial
concentration of Fe(Il) (added Fe(Il) + solid Fe(Il)) in the magnetite experiments. Indeed,
experiments using magnetite amended with Fe(Il) (using a 100 mM FeCl, solution in 0.1 M HCI)
were conducted at pH = 8 (MOPS) for the same amounts of Fe(Il) equivalent than for
titanomagnetites (i.e. by adding dissolved Fe(Il) to reach 1.06, 1.20, 1.31 and 1.53 mM Fe(Il)
equivalent), and are denoted M+Fe(Il). The effect of pH (6 < pH < 8.5) on 4-NP reduction was
investigated for 200 mg L TiM0.5 and M+Fe(II) (1.31 mM Fe(Il) equivalent). Although MOPS
has a weak buffer capacity for pH < 6.2 and pH > 8.2 (pK, = 7.2), it was used in all experiments
for the sake of consistency of the dataset. No significant pH variation was observed during the
experiments, even outside the pH-buffering range of MOPS. Other experiments were conducted
at different suspension loading (100, 250, 600 mg L applying the same protocol.

One experiment was carried out with TiMO0.5 in the absence of pH buffer. The multi-
parameter electrode was kept in the sample during the complete experiment. 200 mg L TiM0.5
(1.31 mM Fe(Il) equivalent) were introduced in ultrapure water, whose pH was adjusted to pH =
8.4 (around the natural pH of the mother TiMO0.5 suspension) with 0.1 M NaOH prior to the
addition of TiMO0.5. [Fe(Il)]aq, pH and Eh were recorded until pH and Eh values reached a plateau
(~60 min). Then, 0.1 mM 4-NP (10 mM 4-NP stock solution adjusted to pH = 8.4) was spiked
into the suspension, which is taken as the reference for the time scale (t = 0). [4-NP] and [4-AP]

were recorded during the four following hours (240 min), in addition to [Fe(II)].q, pH and Eh.
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Further experiments were dedicated to nitrobenzene (NB) reduction by titanomagnetite or
Fe(Il)-amended magnetite. The effect of x was investigated using the same conditions as in 4-NP
experiments (i.e. 0.1 mM NB, 200 mg L' solid, pH = 8, in 50 mM MOPS), and NB
concentration was determined by HPLC-UV at 254 nm.

Because of the weak sorption of 4-NP or NB and its rapid reduction, an accurate
determination of sorbed amount by magnetite or titanomagnetite surfaces cannot be performed.
Attempts to highlight the sorbed mechanisms at a microscopic level by using Attenuated Total
Reflectance-Fourier Transform InfraRed (ATR-FTIR) spectroscopy failed due to the very low

sorbed amount.

Results and Discussion

Reduction of 4-NP by titanium-substituted magnetites. The reductive transformation of 4-NP
to 4-AP in aqueous suspension was monitored versus time by both UV-Visible
spectrophotometer and HPLC/UV. The time-dependent UV-vis spectra exhibited a peak at 400
nm (4-NP), which continuously decreased with the formation of a single new peak at 298 nm,
assigned to 4-AP (not shown).?' The absence of peaks at 388 and 302 nm (which can correspond
to 4-benzoquinone monoxime and 4-nitrosophenol®?) together with the two isosbestic points
observed at 280 and 312 nm suggested that no other byproducts were generated.”> HPLC analysis
confirmed the stoichiometric conversion of 4-NP to 4-AP, as [4-NP] + [4-AP] = 0.1 mM (within
5% uncertainty; see e.g. Fig. S3), indicating that mass balance was achieved and removal of 4-NP
or 4-AP by sorption on magnetite surfaces must be negligible.

Figure 1a shows that the 4-NP reduction was enhanced with the increase of Ti content in

Fes;<TixO4 (0 < x < 0.75) (or the increase of the Fe(Il)/Fe(IIl) ratio, Table 1). The kinetic curves

10
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exhibited a fast stage within the first 10-15 min, and then a slower stage to reach a pseudo-
plateau (Fig. 1a). According to experiments conducted at longer equilibration times (e.g. 48h, not
shown), 4-NP aqueous concentration still slightly and slowly decreased beyond 240 min, which is
in line with observations made for other compounds”. In contrast to previous reports on 4-NP

. 2425
reduction,”™

the multi-stage reduction kinetics over the whole time course could not be
described by equations that include classical exponential functions (e.g. first order models).
Instead, we calculated an initial rate constant (kops in min™) over the first stage of reaction (i.e. 10
min) by plotting a linear regression of -In([4-NP]/[4-NP],) versus time, as previously used for
other Fe;(Ti,O4-mediated reactions.!! This behavior has been attributed to the complexity of
involved reactions including simultaneous dissolution of Fe(II), movement of Fe(Il) reducing
equivalents from the interior to the surface and reduction/oxidation processes at the interface.'*"!
Additionally, the occurrence of Fe(Il)/Ti(IV) amorphous phases observed at higher x values (i.e.
> 0.38) may affect the reduction behavior, as previously reported.!' However, the contribution of
the latter has been only observed for the reduction of 10 uM of Tc(VII) to Tc(IV) and became
negligible for larger oxidant amounts (e.g. 30 uM of Te(VID)."! In the present work, similar
kinetic behavior was obtained when a lower amount of oxidant (i.e. 10uM of 4-NP instead of 100
uM) was used (Fig. S4a), thereby underscoring the low contribution of such amorphous phases.
Figure 1b shows that higher [Fe(II)]., was measured for larger x and that a gradual
decrease in [Fe(II)],, was observed throughout the 4-NP reduction. [Fe(Il)].,q was below the
detection limit in magnetite suspension (x=0), where no 4-NP reduction was noted. Consistently,
initial measured Eh values decreased with x (-154 < Eh < -383 mV, for 0 <x < 0.75; Table S1)
and, at the end of all experiments, less negative (or almost equal for x=0) Eh values were

measured (-145 < Eh < -240 mV; Table S1), though Eh values have to be interpreted only

qualitatively. Homogeneous tests using Fe(Il) solutions (ImM or less of [Fe(Il)] as FeCl,) at pH

11
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= 8 did not show a significant removal of 4-NP within 240 min, suggesting that 4-NP reduction in
Fe; < TixO4 suspensions is a surface-mediated electron transfer process.

Because Fe(Il) release in solution was observed, titanomagnetite-bound [Fe(Il)] (i.e.
structural/sorbed Fe(Il)) before 4-NP addition was calculated as follows: [Fe(II)]pound = [Fe(I1)]iot
— [Fe(II)]aq, and was found very close to that determined by acid digestion on the filtered solid.
This value was used to calculate (Fe(II)/Fe(IIl))young, that is, the effective Fe(Il):Fe(III) ratio in
the solid phase (see Table S1). Although the Fe(Il)/Fe(Ill) ratio is known to be the
thermodynamic driving force for electron transfer from magnetite to substrate, a logarithmic
dependence of rate constants with increasing (Fe(II)/Fe(IIl) Jpoung Was observed (Fig. 2a). Use of a
lower amount of oxidant (i.e. 10 uM of 4-NP) gave the same type of relationship, i.e. a nonlinear
dependence of kq,s with Fe(Il)/Fe(Ill) (Fig. S4a). However, kqs or amounts of 4-NP removed at
the end of the experiment (240 min) linearly correlated to the amount of initial Fe(Il) in each
suspension (Fig. 2b, S4b and S5, respectively). Linear correlations were also found out by
plotting kops versus x or measured initial Eh (Fig. S6). Systematic correlation of reduction rates
with x clearly showed that 4-NP reduction is mainly controlled by a surface-mediated electron
transfer pathway. Additional tests made for different TiM0.5 suspension loading (100-250 mg L
") showed that ks or total amounts of 4-NP linearly increased with the suspension loading (Fig.
3a, 3c), further suggesting that 4-NP reduction in titanomagnetite suspensions is a surface-
mediated reaction. The dissolved Fe(Il) concentration, that was initially higher for the highest
suspension loading, gradually decreased throughout the reaction (Fig. 3b).

Note that pH = 8 is 1-2 pH units above the PZC value (pH 6-7'%), and most of magnetite
particles are negatively charged, inducing a significant stability of colloidal dispersions. Increase
of electrolyte concentrations promotes charge screening, decrease of repulsive forces and,

ultimately, particles aggregation.”® Investigation of 4-NP reduction kinetics in the presence of

12
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high monovalent electrolyte concentrations (1M NaCl) did not significantly influence neither the
reduction kinetics (i.e. 4-NP decay vs. time) nor the relationship of kops with (Fe(IT)/Fe(III))pound
(Fig. S7), suggesting that the impact of aggregation phenomena on 4-NP reduction kinetics in
titanomagnetite suspensions is of minor importance.

As a further test of whether the molecular structure of the substrate can affect the
reduction behavior of titanomagnetite, we determined removal kinetics in the same manner but
by using nitrobenzene (NB) as a target compound. While the reduction of NB was found faster
(Fig. 2a and 2b), a nonlinear dependence of kqps with (Fe(Il)/Fe(II))poung Was observed for NB as
for 4-NP (Fig. 2a), suggesting that specific molecular interactions do not play a significant role in
the determination of relationship of kyps with Fe(Il)/Fe(II). The latter has been recently explained
by employing the Marcus’ theory of electron transfer reactions.'? The ks values increase with
increasing (Fe(II)/Fe(Ill))poung and exponentially approach a plateau as the magnitude of the
reaction free energy becomes close to the value of the reorganization energy of the adsorbed

)
compound assumed constant along the reaction.”’

Effect of pH on 4-NP reduction in titanomagnetite suspensions. As pH is a key reaction
parameter that strongly affects the aqueous iron chemistry and consequently the reductive
capability of Fe'-bearing minerals, we determined removal kinetics in a pH range from 6 to 8.5
in titanomagnetite suspensions (x=0.5) (Fig. S8). kops values increased when pH rose up to pH 8
and then remained almost constant beyond pH 8 (i.e. 8.5) (Fig. 4a). A slight decrease in 4-NP
removal extent can be observed at pH 8.5 (Fig. S8a), as the protonated form of 4-NP (pK, = 7.1)
was shown to favor the reduction of its nitro group.”® Generally, magnetite reactivity can be
enhanced at high pH values, which has been attributed to the preservation of structural Fe(Il)

against dissolution, and/or the improvement in Fe(Il) adsorption on the surface.”” Indeed,

13
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[Fe(II)]aq was initially higher at lower pH values, gradually decreased throughout the 4-NP
reduction at pH 8, and became below the detection limit within less than 60 min at pH = 8.5 (Fig.
S8b). For pH < 7.5, no decrease in [Fe(II)],q was observed with time, which can be explained by
the H' promoted dissolution of titanomagnetite, and the small or no-reductive conversion of 4-NP
to 4-AP. It should be noted that the 4-NP adsorption to titanomagnetite surfaces was found
negligible (< 5%) whatever the pH tested. To assess the effect of MOPS pH-buffer on Fe(Il)

dissolution and then its reactivity (as previously highlighted),”-°

unbuffered experiments were
conducted at initial pH of 8.4 (pH only slightly varied (8.3 = 0.1 (1o), details is given in SI).
Comparison of buffered versus unbuffered pH systems for 8 < pH < 8.5 shows that MOPS
increased significantly the Fe(Il) apparent solubility, but did not affect the 4-NP removal (Fig.
S3). Indeed, ks determined in the unbuffered system follows a consistent trend with pH (see
open symbol in Fig. 4a).

A linear relationship was obtained between kops and [Fe(Il)]pound (R? = 0.92) in the series
of experiments dedicated to the effect of pH (for x = 0.5) and the effect of x (for pH = 8) (Fig.
4b). Collectively, these results clearly demonstrated that the Fe(II)/Fe(Ill) ratio effectively
controls the surface-mediated reduction of 4-NP and its conversion to 4-AP, and that the
mechanism is mainly driven by structural or surface bound Fe(Il) in the titanomagnetite. This
conclusion has been previously drawn for magnetite and Ti-substituted magnetite, but also for
non-stoichiometric magnetite amended with Fe(II) aiming to increase the intrinsic Fe(Il)/Fe(I1I)

2-4,7,8,11,13

ratio (see e.g. ). However, the reduction kinetics and mechanisms in Ti-magnetite versus

Fe(Il)-amended magnetite at equal amounts of Fe(Il) equivalent have never been investigated.

Effects of Fe(Il),q addition on the reactivity of magnetite (x = 0). 4-NP reduction by Fe(II)-

amended magnetite is compared with the data of titanomagnetites in the same range of total
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Fe(Il) equivalent (from 0.76 to 1.53 mM) in Figure la. As expected, addition of dissolved Fe(II)
to non-stoichiometric magnetite (Fe(Il)/Fe(Ill) = 0.41, Table 1) significantly enhanced the 4-NP
reduction rate. However, 4-NP reduction proceeded faster in the case of Fe(Il)-amended
magnetite than with titanomagnetite, and reached quickly a pseudo-plateau within the first 5 min.
Like with titanomagnetites, we focused only on the initial stage kinetic, though 4-NP
concentration still decreased slightly and slowly beyond 240 min. Initial kops and 4-NP removed
amounts after 240 min were plotted versus initial Fe(II) equivalent in Figures 2b and S5,
respectively. Initial kq,s is shown to increase exponentially with (Fe(II)/Fe(Ill))youna (Fig. 2a), as
previously observed for the reduction of nitroaromatic compounds by magnetite,® which strongly
contrasts with the observation made for titanomagnetites. However, kq,s increased linearly with
the amount of initial Fe(Il) equivalent for Fe(Il)-amended magnetites, but with larger ks values
(Fig. 2b).

It is interesting to note that similar removed amounts of 4-NP at the end of experiment
(i.e. 240 min) were achieved whatever the investigated system: titanomagnetite, Fe(Il)-amended
magnetite or Fe(Il) amended-TiMO0.25, provided only that the same amount of total Fe(Il)
equivalent was used. When the removed amounts were plotted against total Fe(Il) equivalent,
similar slope and intercept of the linear regression equations were obtained (see Fig. S5). This
falls in line with previous findings where the extent of U(VI) reduction by magnetite or
titanomagnetite was found only controlled by the bulk Fe(Il)/Fe(IIl) ratio, and the presence of Ti
did not significantly influence the effective reductive capacity13. Only the early stage kinetic
behavior differs between titanomagnetite and Fe(II)-amended magnetite at the same equivalent
amount of Fe(Il). This kinetic discrepancy became salient when higher solid loadings, e.g. 600
mg L of TiM0.25 or Fe(Il)-amended magnetite (3.18 mM Fe(Il) equivalent), were used (Fig.

S9). Since this discrepancy was observed for all x values, the possible contribution of
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Fe(I)/Ti(IV) amorphous phases (the occurrence of which is only expected at high x values) can
be neglected. The same kinetic discrepancy was observed for the reduction of 0.1 mM NB (where
rates are close to published data on magnetite’), and thus independent on the investigated
substrate (Fig. 2). Like for 4-NP experiments, only the kinetic behavior differs between
titanomagnetite and Fe(I[)-amended magnetite, and NB removed amounts after 240 min were
found very close (data not shown).

Modification of aggregation state of particles may occur upon Fe(Il) adsorption at pH=8,
which might, in turn, affect 4-NP and NB reduction kinetics. However, cation sorption to the
negatively charged surface (PZC 6-7) would lead to more aggregation in aqueous suspensions at
pH=8.2° Such homoaggregation is supposed to rather decrease surfaces reactivity,”' and thus
cannot help to explain the high reduction rates of 4-NP and NB in Fe(II)-magnetite suspensions
with respect to the titanomagnetite. Furthermore, repeated experiments in 1 M NaCl solution did
not affect significantly 4-NP reduction rates (Fig. S7). The higher reactivity of Fe(Il)-amended
magnetite system over titanomagnetite was then confirmed at different pH values (6.3, 7, 8, 8.5)
for 4-NP. Similarly to titanomagnetites, kops increased with increasing pH but with higher values
over the pH-range investigated (Fig. 4a). Furthermore, different linear relationships were
obtained by plotting ks with the amount of initial Fe(Il) equivalent (Fig. 2b), thereby confirming
the kinetic discrepancy between magnetite and titanomagnetite. Previous works have suggested
that the presence of Ti may lead to changes in surface speciation of radionuclides (Tc(VII), U(VI)
and Np(V)'"'*'), but they did not highlight the impact of Ti substitution on the reduction
kinetics. This unforeseen disparity in reduction kinetics between titanomagnetite and Fe(II)-
amended magnetite, though the total Fe(II) amount is identical, will be discussed in the following

paragraph.
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Reactivity difference between the Fe(Il) + unsubstituted magnetite and Ti-magnetite. It is
postulated that the added Fe(II) binds to non-stoichiometric magnetite, and then oxidation of the
sorbed Fe(Il) and subsequent reduction of the octahedral Fe(Ill) in the underlying magnetite to
octahedral Fe(Il) atoms take place. This process occurs until saturation of magnetite (i.e.
formation of stoichiometric magnetite, Fe(II)/Fe(IIl) ~ 0.5), thus enhancing the reductive ability
of the resulting product.’ Formation of new Fe-phase was not observed upon addition of
dissolved Fe(II) to magnetite.® Our measurements of both dissolved and solid Fe(II) confirmed
that nearly-stoichiometric magnetite was formed before addition of 4-NP in all Fe(II)-amended
magnetite experiments. Because excess dissolved Fe(II) was not removed from the suspensions,
it could supply magnetite surface when oxidized by 4-NP to regenerate active sites, as previously

reported for magnetite” and Fe(IlT)-oxides.**>*

This is consistent with the sharp fall in [Fe(II)]aq
after 4-NP addition to magnetite suspensions (see e.g. Fig. 1b) and explains why larger rate
constants were obtained for larger added [Fe(II)]. For titanomagnetites, though most of Fe(Il) is a
priori supposed to be in the bulk structure, there is still an abundant amount of Fe(Il) at the

. . . 10,11,16
surface according to previous studies.

In addition, initial amounts of dissolved Fe(II) in one
hour pre-equilibrated titanomagnetite suspensions were found to be relatively large, and only
slightly lower than in the corresponding Fe(Il)-amended magnetite experiments (see e.g. Fig. 1b).
Thus there should be enough dissolved Fe(Il) to supply the surface of titanomagnetite when
oxidized by 4-NP. Furthermore, [Fe(II)],q, decrease appears more gradual for titanomagnetites
than for Fe(Il)-amended magnetite (Fig. 1b), thereby confirming the slow kinetics of the former.
Fe(II) addition to TiMO0.25 suspension, in order to have the same equivalent amount of Fe(Il) as
in TiMO.5, resulted in faster reduction rates of 4-NP (k,,s = 0.08+0.01 min'l) than with TiMO0.5

(kops = 0.05+0.01 min'l) but slower than with the corresponding magnetite + Fe(Il) (kops =

0.14+0.02 min™) (Fig. S10). Similar observations can be made for TiM0.75 (Fig. S11, see also
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Fig. S5-7). Taken together, these findings further suggested that although oxide surfaces are
saturated with a supply of Fe(Il), the Ti-substitution may affect the reduction kinetics behavior of
4-NP.

The surface-mediated reduction of 4-NP implies an electron transfer mechanism through
the particles, thus rendering it a bulk dependent effect. Indeed, an electron transport process must
be enlisted to enable redox reaction to proceed at magnetite surfaces, transferring charge through
the core via an electron transfer mechanism to the surface of the magnetite.™'®"> Within the
magnetite, the existence of interactions between octahedral cations (i.e. Fe*" and Fe’) is
responsible of electron delocalization or hopping, creating a net charge of +2.5.%° Any
modification with a tendency to increase the repulsion between octahedral sites must result in a
relative shortening of the shared octahedral edge, and so declining in electron delocalization or
hopping. The possible presence of Ti*" ions in octahedral sites may result in relatively greater
repulsion between the octahedral cations, which lead to a localization of electrons (otherwise
mobile for Fe’ Fe?* pairs)36'39. Consequently, electron transfer process both within the solid
phase and across the solid/water interface, that ensures surface regeneration of active sites and
ongoing 4-NP reduction, seems to be kinetically more favored (i.e. a lower barrier in terms of

activation energy) in the Fe(Il)-amended unsubstituted magnetite.

Conclusions

In this work, we have notably demonstrated that, although both surfaces are highly enriched in
Fe(Il), faster reduction rate constants of nitroaromatic compounds were obtained for Fe(Il)-
amended unsubstituted magnetite as compared to the Ti-substituted magnetite. The partial
occupancy of octahedral sites by Ti may change interactions between octahedral cations (e.g.

Fe’" and Fe’" in case of unsubstituted magnetite), and then electron delocalization properties or

18

ACS Paragon Plus Environment



Page 19 of 30

©CoO~NOUITA,WNPE

electron hopping. These bulk-controlled mechanisms drive the electron transfer process both
within the solid phase and across the solid/water interface, thereby altering the regeneration of
active sites and ongoing 4-NP reduction on the magnetite surface.

From a kinetic point of view, Fe(Il)-amended magnetite may have some advantages for the
conversions of 4-NP and NB to, respectively, 4-AP and aniline over titanomagnetite. Indeed, a
highly reactive system (i.e. faster rate constants) could allow better performance in a short period
time, which is crucial to successfully ensure scaling-up an environmental remediation
technology.

Collectively, these results may have strong implications for (i) mass reduction of 4-NP to 4-AP
without involving more expensive transition metals and (ii) remediation of contaminated water
and wastewater where Fe(Il)-recharge of magnetite could be environmental-friendly and

economically-feasible, with respect to the titano-doping of magnetite.
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Table 1. Expected and experimental Fe(II)/Fe(III) ratio, B.E.T. surface area of titanomagnetites,

crystallite size and cell parameter determined by XRD analysis.

Fe(II)/Fe(IIT) B.E.T. Cristallite Cell parameter

x  Expected Chemical analysis (m?g") size (nm) (A)

0 0.50 0.41 95 9 8.384(2)
0.25 0.83 0.80 118 10 8.384(2)
0.38 1.11 1.08 144 13 8.396(2)
0.50 1.50 1.48 139 13 8.397(2)
0.75 3.50 3.26 132 28 8.413(2)
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Figure captions

Figure 1. Effect of titanomagnetite stoichiometry (Fe;TixO4; 0 < x < 0.75; 200 mg L) and
dissolved Fe(Il) added to 200 mg L' magnetite (for comparable Fe(Il) equivalent) on the
reduction of 0.1 mM 4-NP at pH = 8 (50 mM MOPS): (a) 4-NP concentration and (b) dissolved

Fe(II) concentration versus time. Same symbols and legends are used in (a) and (b).

Figure 2. Initial rate constant (kqps) versus (a) (Fe(II)/Fe(II))pouna and (b) initial Fe(Il) equivalent
for the reduction of 4-NP (0.1 mM) or NB (0.1 mM) by 200 mg L' titanomagnetite (0 < x < 0.75)

and Fe(Il)-amended magnetite at pH = 8 (50 mM MOPS).

Figure 3. Effect of the suspension loading for x = 0.5 on the reduction of 0.1 mM 4-NP by
titanomagnetite (x = 0.5) at pH = 8 (50 mM MOPS). (a) 4-NP concentration and (b) dissolved

Fe(II) concentration versus time, (c) initial rate constant (Kops) versus suspension loading.

Figure 4. (a) Initial rate constant (kops) versus pH determined for the reduction of 0.1 mM 4-NP
by 200 mg L™ TiMO0.5 and 200 mg L' magnetite amended with 0.56 mM Fe(II) (1.31 mM Fe(1I)
equivalent in both systems). The empty square corresponds to unbuffered pH system (see Fig.
S3). (b) Initial rate constant (Kobs) versus initial [Fe(II)]poung for the experiments dedicated to 4-NP

reduction by 200 mg L™ titanomagnetite (effects of pH for x = 0.5, and effects of x for pH = 8).
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