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Polysulfide from Cu' to Fe3*pyx.

In this work, the spinel structured iron oxides, MFe;04 (M=Cu?* and Co?*), magnetite (Fe304) and
maghemite (y-Fe,03) were investigated as catalyst for the sulfide oxidation in aqueous medium. XRD,
Mdssbauer, BET, TPR, SEM/EDS and XPS analyses suggest the formation of the spinel phase with surface
areas varying from 75 to 105 m? g~! and the metal ions Cu?* and Co?* located in the octahedral and tetra-
hedral sites. It was observed that the presence of Co and especially Cu strongly increased the catalytic
activity for the oxidation of sulfide to polysulfides, i.e. Sy>~ (x=1-4) and other S—O species. The strong
effect of Cu?* is discussed in terms of thermodynamically favorable processes comprising a strong surface
interaction of S2-—Cu?*, an electron transfer from sulfide to produce Cu'* followed by an electron transfer

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Sulfides are present in wastewaters from different industries,
such as oil refineries, fossil fuel gasification plants, paper mills
and anaerobic treatment plants. In aqueous medium, even in very
low concentrations, sulfide will form the unpleasant and toxic
hydrogen sulfide, causing corrosion problems in equipment and
constructions [1,2]. Therefore, there is a considerable interest on
the development of efficient and low cost systems for the removal
of sulfide from gas and specially from aqueous phase [3].

The removal of sulfide has been investigated using different
methods such as adsorption, biological processes and catalytic oxi-
dations. Several works have been investigating the removal of H,S
using different adsorbents such as activated carbon [4,5], alumina
[6], silica [7] and zeolite [8]. Microorganisms can be used to oxidize
sulfide into sulfur-containing species, e.g. elemental sulfur, polysul-
fides, thiosulfate, thionates and sulfate in aqueous medium [9-11].
Furthermore, different biological processes to remove sulfide have
been proposed, e.g. biofilters [12] and microorganisms supported
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on activated carbon (AC) have been investigated for sulfide removal
[13].

Oxidation of H,S in the gas phase at high temperature with
different catalysts, such as TiO,, Cr,03, V5,05, Fe;053, have been
reported [14]. However, no catalytic process was developed for
aqueous sulfide. Recent studies have shown that modified carbon
based materials, e.g. activated carbon, graphite and graphene, are
active for sulfide oxidation in aqueous medium [15,16]. Based on
these works and other enzyme promoted sulfide oxidation, it was
suggested that two features are important for an active system, i.e.
a surface redox group to exchange electrons with sulfide species
and an electron conducting structure to promote the oxidation. In
this work, it was investigated for the first time ferrites with special
redox properties as catalysts for the sulfide oxidation in aqueous
medium. Ferrites have a great potential for aqueous sulfide oxida-
tion, because they have an excellent redox pair based on Fe2*[Fe3*,
and a conducting solid structure able to disperse electrons. More-
over, ferrites can be isostructurely doped with different transition
metals, e.g. Cu?*, Co?*, Mn?*, Ni2*, allowing a fine tuning of the
catalytic/redox activity [17-20], electrical [21,22] and magnetic
properties [19,23]. Moreover, ferrites show some potential advan-
tages such as relatively low cost, improved chemical and thermal
stability (compared to enzymes), excellent control of the structure
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allowing fining tuning of the redox properties (compared to mod-
ified carbon based catalysts that are complex structures). Another
interesting feature of ferrites is the magnetic property which can be
used to remove the catalyst from the reaction medium by a simple
magnetic process.

Hereon, different iron oxides with the same spinel structure,
i.e. ferrites MFe;04 (M=Cu?* and Co?*), magnetite (Fe304) and
maghemite (y-Fe;03) were investigated as catalyst for the catalytic
activity in the aqueous sulfide oxidation.

2. Experimental

The ferrites samples were synthesized by co-precipitation pro-
cess using Fe(Ill), Cu(Il) and Co(Il) nitrates (Synth) dissolved in
deionized water in the required proportion to obtain the ferrites
MFe,04 (M =Co or Cu). After 1 h with a magnetic stirring (approx-
imately 60 rpm) at room temperature (25 °C), it was added NaOH
(3.5M) until pH 8, the precipitate was filtered, washed with deion-
ized water and acetone and dried at 70°C for 24 h. The obtained
powder was treated at 400°C during 2 h in air to obtain the crys-
talline ferrite phases, following the procedures described in a
previous study [24]. Magnetite was prepared by co-precipitation
of Fe(Ill) and Fe(Il) nitrates (Synth) using the same conditions.
Maghemite was prepared by the oxidation of Fe30,4 with air heating
10°C/min at 400°C for 1h.

The catalysts were characterized by X-ray diffraction using a
Geigerflex Rigaku diffractometer (Cu Ko radiation). The trans-
mission >’Fe Mossbauer measures were obtained at 25K on a
constant acceleration transducer with a >?Co/Rh source. The Nor-
mos least-square fits was employed to calculate the spectral
hyperfine parameters. XPS analysis was conducted with a non-
monochromatic Mg Ko X-ray source (hv=1253.6eV), Al Ka X-ray
source (hv=1486.6eV) and a hemispherical concentric analyzer
(CLAM2 - VG Microtech). The binding energies were corrected
through C (1s) reference peak at 284.6eV. The temperature pro-
grammed reduction (TPR) analysis was performed in a CHEM BET
3000 TPR Quantachrome using H, (5% in N;) with heating rate of
10°C min~'. SEM/EDS analysis was done using a Jeol JSM 840A
and a Quanta 200 ESEM FEG from FEI. The surface area was deter-
mined by nitrogen adsorption using the BET method with a 22
cycles N, adsorption/desorption in an Autosorb 1 Quantachrome
instrument. X-band electron paramagnetic resonance (EPR) spec-
tra from samples at room temperature were recorded on a Bruker
Elexsys E500 spectrometer equipped with a Bruker ER4122SHQE
resonator. Magnetization measurements were performed using a
vibrating sample magnetometer (LakeShore 7404 ), with noise base
of 1 x 10~6 emu, and a time constant of 300 ms at room temperature
and a maximum magnetic field of 2 Tesla.

The sulfide oxidation studies were performed using 10, 15 and
20 mg of sample in 3 mL of Na,S-9H,0 (8 gL~1) solution in water,
i.e. concentrations in the range 3.3-6.6 Mg rite/MLNa2s. During the
experiments, the formation of polysulfides was monitored by mea-
suring the absorbance of the aqueous solution at a wavelength of
270 nm using a Shimadzu UV-2550 Spectrometer.

3. Results and discussion

The catalysts prepared in this work were Fe304 (magnetite),
Fe,03 (maghemite) and the ferrites CuFe;04 and CoFe;04. Mag-
netite has the redox pair (Fe%*/Fe3*), whereas the ferrites offer
different possibilities for redox processes at the surface, e.g.
(Cu?*/Cu*/Fe?*|Fe3*) and (Co?*/Co*3/Fe2*[Fe3*), as demonstrated
by XPS (Fig. S1) [25]. The maghemite shows the same magnetite
structure (spinel), but no Fe2* in the structure. Fig. 1 shows X-ray
diffractograms for the synthesized materials.
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Fig. 1. XRD for the samples Mt (magnetite), Mh (maghemite), CuFe,04 and CoFe, 04
(ferrite).

The maghemite sample was prepared by the oxidation of Fe304
in order to produce a material with similar surface area and poros-
ity. During this process the Fe304 phase is oxidized to y-Fe;03
(maghemite) which is in part converted to the hexagonal phase
hematite a-Fe;03. The XRD data suggests that maghemite sam-
ple is composed mainly of y-Fe,;03 (maghemite) (JCPDF 39-1346)
and some hexagonal hematite phase a-Fe;O3 (JCPDF 13-534).
This structural change maghemite-hematite at 400°C has been
observed before [26].

The samples Mt, CuFe;04 and CoFe,;04 showed only the diffrac-
tion peaks of the spinel phases (JCPDF 19-629, 6-545 and 1-1121).
Samples Mt and Mh/Hm showed more intense and better defined
peaks, indicating a higher crystallinity with crystallite average size
between 20 and 25 nm as estimated by the Scherrer equation. The
XRD of the ferrites showed poorly defined peaks indicating that
both materials have low crystallinity with crystallite sizes between
4 and 10 nm.

Mossbauer spectra at 25 K are shown in Fig. 2 (see Supplemen-
tary Material for the hyperfine parameters).

The sample Mt showed typical hyperfine parameters of mag-
netite, whereas maghemite presented two phases a-Fe,O3 and
v-Fe,03, as also shown by XRD. This result suggests that during
thermal treatment maghemite was partially converted to hematite.
Mossbauer spectra of the ferrites CuFe;04 and CoFe,04 indicated
the presence of Fe3* distributed in tetrahedral (A) and octahedral
sites (B). These results show that the ions Co?* and Cu?* are located
in both, octahedral and tetrahedral sites according to the sim-
plified formula: (Fe3*1_xM?*x)ctranedral(F€** 1:xM?* 1 _x)octahedral O4
being x the inversion parameter, varying from 0 to 1. M6ssbauer
spectra obtained at room temperature suggested a strong super-
paramagnetism due to the nanostructured ferrites. In addition, the
catalysts CuFe,04 and CoFe,04 were submitted to magnetization
measurements by VSM (see Supplementary Material). Both materi-
als showed similar magnetization curves suggesting the presence
of supermagnetic materials (see Supplementary Material). These
ferrites have been previously investigated in detail by Mossbauer
spectroscopy [24,25].

The synthesized samples showed similar surface areas, i.e. 75,
72,100,104 m2 g~ for Mt, Mh/Hm, CoFe,04 and CuFe, 04, respec-
tively, obtained by nitrogen adsorption using the BET method.

The obtained Fe oxides were tested for oxidation of aqueous
sulfide. The non-colored sulfide solution became immediately light
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Fig. 2. Mossbauer spectra (at 25 K) for Mt, Mh/Hm, CuFe, 04 and CoFe, 4. In red the
tetrahedral sites (A) and in green the octahedral sites (B). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Fig. 3. UV/Vis spectra evolution during the sulfide oxidation in the presence of
CuFe,04 (UV/Vis spectra for the other catalysts not shown).

yellow in the presence of the ferrites. The UV/Vis spectra (Fig. 3 and
Supplementary Material) of the sulfide solution gradually showed
characteristic bands for small polysulfides species, such as S,2~
(270nm) [27], S32~ (300nm) [27], S42(370nm) [27]. The cata-
lyst concentration was adjusted to 3.3 mg/mL in order to obtain
accurate UV/Vis measurements.

The sulfide oxidation apparently takes place by the formation of
polysulfides such as S,2~ and S32~, which can be identify by absorp-
tion bands on UV/Vis spectrum in the region of 270 and 290 nm
whereas the band at 370 nm is likely related to S42-, as highlighted
by a recent work using carbon based catalysts [27]. Subsequently
to the formation of polysulfides, the oxidation continues to form
a complex mixture of oxygenated sulfur species [15]. In order to
investigate the formation of anion radicals, such as S;~*, which
have been observed previously [15,28] several EPR measurements
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Fig. 4. Infrared spectrum of the solid product obtained after evaporation at 25°C
under vacuum of the solution resulting from oxidation of sulfide by CuFe;04.
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Fig. 5. Kinetic of polysulfides formation (band in 270 nm) during oxidation reaction
of Na,S with different Fe oxide catalysts.

during reaction were carried out. No EPR signal could be observed
suggesting that radicals are not involved in the reaction.

The resulting solution of the reaction with the ferrite CuFe;04
was evaporated under vacuum at room temperature (25 °C) and the
product, a pale yellow solid, was characterized by infrared spec-
troscopy (Fig. 4).

The IR spectrum shows strong bands at 1006cm~! and
1105 cm~1, both related to the axial symmetric deformation of S=0
[29,30].

The sulfide oxidation kinetics was accompanied by the UV band
at 270 nm. The obtained results for Mt, Mh, CuFe;04 and CoFe;04
are shown in Fig. 5.

It can be observed that CuFe,0,4 presented the highest activity
for the oxidation reaction. The absorbance at 270 nm increased until
approximately 30 min and remained stable thereafter. The sam-
ple CoFe; 03 showed lower polysulfide formation with significant
activity in the first 10 min. Similarly, Mt and Mh/Hm showed much
lower activity, suggesting that Co and specially Cu are playing an
important role in the reaction.

The reuse of the CuFe,04 catalyst was investigated in consecu-
tive reactions, where after the first reaction the ferrite was simply
removed magnetically from the reaction medium and reused
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Fig. 6. Kinetic of formation for polysulfides (band in 270 nm) during oxidation reac-
tion of Na,S to reuse of CuFe, 0, ferrite.
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Fig. 7. Polysulfide formation (at 270 nm) during Na,S reaction after 3 consecutive
uses followed by two reactivation treatments, i.e. by H, and by oxidation in air.

directly for another reaction with fresh Na,S solution without any
treatment. The obtained kinetics are shown in Fig. 6.

The 2nd and 3rd uses showed considerable decrease in the for-
mation of polysulfide. EDS analyses of the CuFe,04 catalyst after
the 3rd use and extensive washing with water showed the pres-
ence of a strong sulfur signal suggesting a surface poisoning (Fig.
S4).

The regeneration of the reused CuFe,0,4 catalyst was investi-
gated using different methods. Treatment by water at pH 5 and 9
did not show any significant regeneration. It was also carried out a
reactivation applying two different thermal treatments to the sam-
ple after the 3rd use. The first was under an atmosphere of H, at a
heating rate of 10°C/min to a final temperature of 400 °C. The sec-
ond method of reactivation was realized under an atmosphere of
Air at a heating rate of 10°C/min to a final temperature of 400°C.
In addition, after the first reactivation under an air atmosphere
and obtainment of the UV-Vis spectra, the catalyst was magnet-
ically separated from the solution and a second reactivation under
air atmosphere up to a final temperature of 400 °C was realized.
The profiles of reaction for the CuFe, 04 ferrite, the 3rd use and the
reactivated ferrites are shown in Fig. 7.

As noted by the kinetic curves, reactivation in a reducing atmo-
sphere of H, was insufficient to retake the initial activity of the
ferrite likely due to the reduction of Fe and Cu active species and
the incapability of the thermal treatment to eliminate the sulfur
bonded in the surface of the ferrite (Fig. S4). On the other hand, the
reactivation in air atmosphere generated a satisfactory regenera-
tion of the catalyst, being able to eliminate the sulfur poisoning the
surface of the ferrite. In addition, even the second reaction under
air atmosphere was able to regenerate the activity of the catalyst.
As a result, this reactivation process can be considered as a suit-
able mechanism to improve the reuse of the catalyst, increasing its
active life-cycle.

Although the reaction mechanism is not clear, some simple
considerations can be made in order to explain the higher activ-
ities observed for the Co and especially Cu ferrites. An important
reaction step is likely the electron transfer from S, 2 to surface
Fe3*, Co3* (observed on the surface by XPS [25]) or Cu?* (Egs.
(1)-(3)).

2Cu% g + 2577 (aq)— 2Cut gy + 5272y AE° = 0.643V (1)

2003 Surf+25 (aq) ~> 2Co +Surf+52 (aq) AE° = 2.293V (2)

2Fe +surf+25 _(aq)—> 2Fe +surf+52 _(aq) AE° = 1.253V (3)

Considering the redox potentials, the sulfide oxidation with cop-
per should be the less favorable system (AE°=0.643V) whereas
cobalt should produce the most favorable reaction (AE°=2.293V).
However, these results suggest that the rate-determining step in
this reaction is not the electron transfer from S,2~ to the surface
metal cation. Based on redox property of ferrite, the reduced Cu* ¢
can easily transfer electrons to bulk Fe3* species [31,32], which are
present in material structure according to the simplified process
shown in Eq. (4):

Cl-lprsurf + Fe3+struct - Cl-12+surf + Fe2+struct AE° = 0.61V (4)

This process should be thermodynamically favorable, judging
by the standard AE° value (0.61 V). On the other hand, the electron
transfer from cobalt reduced species Co%* g (Eq. (2)) to bulk Fe3*
is not a favorable process, as shown in the simplified Eq. (5):

CO%* gurt + Fe P seruct = CO* gy + Fe2tsrue AE° = —1.04V (5)

Therefore, a possible reason to explain the higher CuFe, 04 activ-
ity is that the electron transfer from the reduced surface metal, Cu'*
might influence the reaction rate. Although the destination of these
electrons present in the ferrite structure is not clear, some possible
reactions are the reduction of HO or O, which are well known to
take place by Fe?* present in the oxide structures [33-36] (Egs. (6)
and (7)):

2H,0 + 2e~ — Hp +20H™ (6)
%0, + Hy0 + 2e~ — 20H (7)

It should also be considered the first interaction of the aqueous
sulfide with the metal cations, Fe3*, Cu2* and Co3* present on the
ferrite surface. The first sulfide oxidation likely takes place by the
replacement of a surface M—O bond to form a M-(S%-) followed
by an electron transfer (Fig. 7). A simple measurement of this $2~
interaction with surface metal cations was obtained considering
the solubility products (Ksp) for the different sulfides CuS (10-38),
Cu,S (10747), CoS (1022) and FeS (10~19) [37]. It can be observed
that both Cu*! and Cu*? have much stronger affinity for sulfide
compared to Co and Fe. This affinity should likely contribute to the
activity of the ferrite for the sulfide oxidation.

Although the mechanism of the oxidation has not been
completely clarified, the aspects previously mentioned generate
indication to elucidate a schematic representation of the steps
involved in the oxidation process. They cover the interaction of the
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sulfide with the superficial cations; the redox process occurring in
the internal structure of the ferrites; the dispersion of electrons to
the solution; and the formation of polysulfide species. Therefore,
Fig. 8 presents a simplified reaction mechanism for the proposed
process of sulfide oxidation.

Details of the reaction mechanism is under investigation using
XPS to study the changes in oxidation states of surface species
including the metals and different types of sulfides and also ESI-MS
(Eletrospray ionization mass spectrometry) to identify the different
polysulfide species in aqueous solution.

4. Conclusions

Sulfide, it is an important issue regarding water treatment and
management. The ferrites previously synthesized and described in
this paper, especially CuFe,04 demonstrated a considerable activ-
ity in the promotion of sulfide oxidation. This ferrite comprises
several aspects highlighted as necessary for the reaction: (i) the
redox surface site able to oxidize the sulfide and (ii) the conducting
properties necessary to disperse the electrons. These results bring
new and relevant information for the development of new catalysts
for the oxidation of aqueous sulfide.
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