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Abstract

The efficiency of Fe–Mn–Zn–Ti–O mixed-metal oxides of varying composition prepared by sol–gel methods toward removal of H2S from a gas
mixture containing 0.06 vol% H2S, 25 vol% H2, 7.5 vol% CO2, and 1–3 vol% H2O was studied in the 25–100◦C range. In particular, the effec
of the Fe/Mn molar ratio in the Fe–Mn–Zn–Ti–O solids on the H2S uptake and regeneration performance of the solids were studied. The no
chemical composition (metal mol%) of the Fe–Mn–Zn–Ti–O solids was found to strongly influence the chemical composition, particle
morphology of the crystal phases formed. It was found that the 5 Fe–15 Mn–40 Zn–40 Ti–O mixed-metal oxide provides the highest H2S uptake as
fresh and after regeneration in 20% O2/He gas mixture in the 500–750◦C range compared with the other solids investigated. It was also found
5 Fe–15 Mn–40 Zn–40 Ti–O exhibits higher H2S uptake than a commercial Ni-based H2S adsorbent in the 25–50◦C range. In particular, a thre
times greater H2S uptake at 25◦C compared with that on the commercial adsorbent was found. The effectiveness of the regeneration p
of 5 Fe–15 Mn–40 Zn–40 Ti–O solid after complete sulfidation was found to be in the 48–82% range, depending on the sulfidation te
and regeneration conditions applied. A detailed characterization of the fresh, sulfided, and regenerated 5 Fe–15 Mn–40 Zn–40 Ti–O
40 Zn–40 Ti–O solids, which exhibited the best and worst H2S uptake performance, respectively, using BET, XRD, Raman, XPS, and Möss
techniques revealed important information on the sulfidation mechanism. The present work provides new fundamental knowledge
trigger further research efforts toward the development of alternative mixed metal oxides not based on toxic chromia (Cr2O3–Fe2O3/α-Al2O3),
which is used today in several industrial plants for the catalytic oxidation of H2S (Claus process).
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The removal of H2S from a gas stream can be accomplish
by adsorption onto a solid surface[1,2], catalytic oxidation
[3–5], and absorption by a liquid solution (amine/alkaloami
[5]. Various solid materials have been developed to remove2S
from a number of industrial gas effluent streams. Most of
work carried out to date on the development of H2S solid ad-
sorbents has been focused on materials suitable at temper

* Corresponding author. Fax: +357 22 892801.
E-mail address: efstath@ucy.ac.cy(A.M. Efstathiou).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.10.001
res

>300◦C. Among the most studied solid materials for the
moval of H2S from a “coal-gas” are Fe- and Ca-containi
materials, because of their high reactivity and low cost[6,7].
However, due to the fact that “coal-gas” contains a large f
tion of H2 and a high CO/CO2 ratio, these materials have som
drawbacks. For example, Fe3O4 is reduced to FeO and F
whereas the formation of Fe3C reduces the sulfur uptake of th
solid [6–8]. Moreover, regenerating the sulfided Ca-contain
solids is very difficult. Lew et al.[9] have shown that ZnO i
more attractive than iron oxide because of its more favor
sulfidation thermodynamics. On the other hand, ZnO has m
slower sulfidation kinetics than iron oxide. A major limitatio

http://www.elsevier.com/locate/jcat
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of ZnO-based adsorbents for hot-gas cleaning is their loss
to reduction of ZnO to volatile elemental zinc.

Mixed metal oxides, such as Cu–Mn–O, Cu–Fe–O, Cu–M
O, Zn–V–O, Zn–Ti–O, Zn–Fe–Ti–O, and Zn–Fe–V–O, ha
been studied as H2S adsorbent materials[10–13]. Their reac-
tivity and regeneration ability are improved when deposited
a suitable support. ZnFe2O4 mixed-metal oxide was also foun
to be a good H2S adsorbent in the 500–700◦C range[14,15].
Kobayashi et al.[16,17] studied zinc ferrite–silicon dioxid
composites as high-temperature fuel gas desulfurization a
bents. Sulfidation of zinc ferrite in the reducing environm
yielded wurtzite, zinc blende, and iron sulfides in the prese
of 500 ppm of H2S.

Little research work has been carried out on the developm
and characterization of solid materials for low-temperature
moval of H2S [18–28]. Carnes and Klabunde[22] studied
nanocrystalline metal oxides prepared by sol–gel methods
low temperatures (25–100◦C), the activity order was ZnO>
CaO> Al2O3 � MgO. Davidson et al.[19] reported on the ad
sorption of H2S on ZnO in the 25–45◦C range, where abou
40% conversion of H2S was observed. Sasaoka et al.[23] stud-
ied the adsorption of H2S on ZnO in the presence of CO, CO2,
and H2O and found that CO inhibits sulfidation reaction due
its competitive adsorption with H2S for the same active site
whereas H2O inhibits the reaction due to promotion of the r
action with ZnS to form H2S and ZnO. Baird et al.[24] have
found that mineral feroxyhyte is an efficient adsorbent of H2S
at room temperature due to its high surface area and the
ence of the Fe3+/Fe2+ redox couple. In another study, Bai
et al. [18] found that reaction of H2S with ZnO doped with
first-row transition metals was restricted to about 0.6 sur
monolayers. The main role of the transition metal oxide wa
increase the total surface area available for reaction with H2S.
Baird et al.[25] studied Co–Zn–Al–O mixed-metal oxides
H2S adsorbents at 28◦C. A comparison of H2S uptake with
Co–Zn–O uptake suggested that the presence of aluminum
in the mixed-oxide matrix gave rise to an increased surface
but not to H2S uptake. Other H2S adsorbent materials that ha
been investigated include activated carbons[26,27], the surface
acid chemistry of which has been shown to play an impor
role.

The present work concerns the development of novel
Mn–Zn–Ti–O mixed-metal oxides prepared by sol–gel meth
and tested for the first time toward low-temperature remova
H2S from a gas mixture containing H2, CO2, and H2O. The fol-
lowing parameters have been investigated with respect to
effects on the H2S uptake performance of the solids inves
gated: mixed-metal oxide composition, adsorption tempera
temperature of adsorbent regeneration in 20% O2/He, time of
regeneration in 20% O2/He, and presence of water in the fe
stream. A commercial Ni-based catalyst was also investig
for a critical comparison. A detailed characterization of so
of the fresh, sulfided, and regenerated Fe–Mn–Zn–Ti–O so
using BET, XRD, Raman, XPS, and Mössbauer techniques
revealed important information on the sulfidation mechanis

The selective catalytic oxidation of H2S to elemental sul
fur (Claus reaction) is an industrial practice that makes us
e

–

r-
t
e

nt
-

t

s-

e
o

ns
a,

t

–
s
f

ir

e,

d

s
s

f

α-Al2O3-supported iron and chromium oxides[29,30]. Contin-
uing research is being conducted into the development of
materials for this important catalytic reaction, excluding the
of Cr2O3 because of its severe toxicity. Despite numerous
vestigations into the mechanism of this reaction over diffe
metal oxides[31,32], a detailed mechanism based on which f
ther significant catalyst developments would be expected
not yet been established. The selection of a better catalys
the Claus reaction is still based on a modification of the
face acid/base properties of mixed-metal oxides[32,33]. Li et
al. [34] reported that Fe–Sb–O and Fe–Sn–O mixed-meta
ides are good H2S oxidation to sulfur catalysts. The cataly
properties of these materials change significantly with t
composition.

Based on the work mentioned in the previous paragr
the results of the present work, which relate to the chemis
tion and bulk chemical reaction of H2S with new Fe–Mn–Zn–
Ti–O mixed metal oxides and also to the oxidation (use
air) of the latter sulfated solids, could trigger further resea
into Fe–Mn–Zn–Ti–O mixed-metal oxides as important c
alytic materials for the oxidation of H2S to elemental sulfur
The present work was motivated by a European project[35] in
which the gas effluent stream from a bioreactor used to re
toxic Cr6+ present in waters into Cr3+ after using the sulfate
metal-reducing bacteria (SMRB) had to be treated to rem
the nondesirable H2S gas evolved.

2. Experimental

2.1. Synthesis of H2S solid adsorbent materials

A series of Fe–Mn–Zn–Ti–O mixed-metal oxides we
prepared by the sol–gel method[36] using Fe(NO3)3,
(CH3COO)2Mn, (CH3COO)2Zn, and Ti(i-OPr)4 (Aldrich) as
precursors of Fe, Mn, Zn and Ti, respectively. Appropri
amounts of each reagent were used to obtain a (Fe+Mn)/(Fe+
Mn + Zn + Ti) molar ratio of 0.2 and Fe/Mn molar ratios o
15/5, 10/10, and 5/15 in the final product. An 20 Fe–40 Z
40 Ti–O solid composition was also prepared. An appropr
amount of (CH3COO)2Zn was dissolved in H2O, and the pH
of the resulting solution was adjusted in the 8.5–9.4 range
dropwise addition of ammonia solution (25% v/v). Appropri
amounts of iron nitrate, manganese acetate, and titanium
propoxide solutions were then added, with the pH kept wi
the same range, until the formation of a brown gel-like pr
uct was noted. This product was then dried at 70◦C overnight
in the presence of air. The dried powders were finally calci
in air at 100◦C for 1.5 h, at 150◦C for 1.5 h, at 200◦C for
2.5 h, and finally at 500◦C for 4 h before storage and fu
ther use.

A second series of Fe–Mn–Zn–Ti–O mixed-metal oxid
were synthesized by means of co-hydrolysis of iron nitr
manganese acetate, zinc acetate, and titanium isopropo
Appropriate amounts of each reagent were used so as to y
(Fe+ Mn)/(Fe+ Mn + Zn + Ti) molar ratio of 0.1 in the fina
product, with Fe/Mn molar ratios of 7/3 and 5/5.
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2.2. Characterization of H2S solid adsorbent materials

2.2.1. Surface area measurements
The specific surface area (BET, m2/g) of solid adsorbent

was checked by N2 adsorption at 77 K (Micromeritics 2100
Accusorb). Before any measurements were taken, the sam
were outgassed at 400◦C under vacuum (P ∼ 1.3×10−3 mbar)
overnight. The BET areas of fresh H2S adsorbents, as well a
those after adsorption from a H2S/H2/CO2/He gas mixture and
regeneration in 20% O2/He gas mixture at 500 or 750◦C, were
also measured.

2.2.2. XRD analyses
The crystal structure of the sol–gel-prepared solids was s

ied by XRD (Shimazdu 6000 Series, Cu-Kα radiation (λ =
1.5418 Å)). The crystal structures of the solid adsorbents w
the best and worst performance toward H2S removal were also
determined after sulfidation and regeneration conditions.

2.2.3. SEM studies
The particle size and morphology of the solids (fresh,

ter exposure to sulfidation and regeneration conditions) w
examined through a JEOL JSM 5200 scanning electron m
scope (25 kV). Powdered specimens were spread on the
slabs and sputtered with gold.

2.2.4. Raman studies
Raman spectra were recorded with a Renishaw 1000 s

trophotometer equipped with a cooled (−73◦C) CCD detector
and a holographic Notch filter to remove the elastic scatter
Samples were excited with a 514-nm Ar line. Spectra ac
sition consisted of 5 scans of 60-s duration. All samples w
pretreated in dry air at 250◦C (100 NmL/min, 30 min) in an in
situ cell (Linkam, TS-1500) before the spectra were recorde
200◦C under dry air flow.

2.2.5. X-Ray photoelectron spectroscopy studies
The surface chemical composition (at%) of certain H2S

solid adsorbents (fresh, after sulfidation and regeneration)
studied by X-ray photoelectron spectroscopy (XPS). The s
ple in powder form was pressed firmly into a carved sta
less steel holder so that it could be introduced into the u
high-vacuum (UHV) chamber. The UHV system (base pres
8 × 10−10 mbar) consisted of a fast entry assembly and
preparation and analyses chambers. The latter was equ
with a hemispherical analyzer (SPECS LH-10) and a tw
anode X-ray gun.

2.2.6. H2 temperature-programmed reduction studies
H2 temperature-programmed reduction (TPR) experim

were conducted by passing a 2% H2/He gas mixture
(30 NmL/min) over 0.2 g of the precalcined solid at a te
perature ramp of 30◦C/min. The hydrogen concentration as
function of temperature was monitored using an on line m
spectrometer (Omnistar, Balzers). The mass numbers(m/z)

2, 18, and 32 were used for H2, H2O, and O2, respectively.
Based on material balances, the rate of hydrogen consum
les
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(µmol/(g min)) versus temperature was estimated. The re
behavior of the 5 Fe–15 Mn–40 Zn–40 Ti–O solid was a
studied under three consecutive TPR runs.

2.2.7. Temperature-programmed desorption studies
Temperature-programmed desorption (TPD) of NH3 and

CO2 experiments were conducted to study the surface a
ity and basicity, respectively, of the H2S solid adsorbents
The amount of sample used was 0.2 g, the heating rate
30◦C/min, and the He gas flow rate was 30 NmL/min. The
mass numbers(m/z) 15, 30, and 44 were used for NH3, NO,
and N2O, respectively (NH3-TPD), and 28 and 44 were use
for CO and CO2, respectively (CO2-TPD). Ammonia and car
bon dioxide chemisorption was conducted at room tempera
Before NH3 and CO2 chemisorption occurred, all samples we
pretreated in a 20% O2/He gas mixture at 500◦C for 2 h. NH3-
TPD and CO2-TPD experiments were also conducted after
sorption of H2S from a H2S/H2/CO2/He gas mixture and afte
regeneration of the sulfided solid.

2.2.8. Mössbauer studies
Mössbauer measurements were carried out with a

ventional constant acceleration spectrometer equipped w
57Co(Rh) source (calibrated withα-Fe). Isomer shift values ar
reported relative to this. The spectra recorded at ambient
perature were fitted by a least squares minimization proce
assuming Lorentzian line shapes.

2.2.9. Transient H2S uptake studies
The gas flow system for conducting transient adsorp

of H2S experiments, the microreactor, and the analysis
tem have been described elsewhere[37]. H2S uptake of the
solids was determined by transient isothermal adsorption f
a 0.06% H2S/7.5% CO2/25% H2/He gas mixture at 25–100◦C.
Before adsorption, the catalyst was pretreated in 20% O2/He at
500◦C for 2 h, then purged in He at 500◦C for 30 min. The
reactor was then cooled in He to the adsorption tempera
The amount of solid adsorbent used was 5 mg diluted in 45
of SiO2, whereas the total flow rate was 30 NmL/min. Chem-
ical analysis of the gas effluent stream of the reactor du
transient adsorption was done with an on-line quadrupole m
spectrometer (Omnistar, Balzers) equipped with a fast-resp
inlet capillary/leak valve (SVI 050, Balzers) and data acqu
tion systems. The mass numbers(m/z) 34, 64, 44, 18, and 3
were used for H2S, SO2, CO2, H2O, and O2, respectively.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET surface area measurements
For the fresh Fe–Mn–Zn–Ti–O series (Fe+Mn = 20 mol%)

of mixed-metal oxides, the BET surface area was found to
crease with increasing Fe content in the solid (Table 1). A 47%
decrease in the BET area of the 5 Fe–15 Mn–40 Zn–40 T
solid was found after sulfidation at 25◦C and regeneration a
500◦C. The surface area of the 20 Fe–40 Zn–40 Ti–O s
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Table 1
BET surface areas (m2/g) of various mixed metal oxides obtained after diffe
ent gas treatments

Mixed metal
oxide

BET (m2/g)

Fresha Usedb

5 Fe–15 Mn–40 Zn–40 Ti–O 107.4 56.0
10 Fe–10 Mn–40 Zn–40 Ti–O 75.0 39.0
15 Fe–5 Mn–40 Zn–40 Ti–O 46.7 25.0
20 Fe–40 Zn–40 Ti–O 1.7 2.1

5 Fe–5 Mn–45 Zn–45 Ti–O 144.5 72.0
7 Fe–3 Mn–45 Zn–45 Ti–O 112.6 60.0

a After calcination in 20% O2/He at 500◦C for 4 h.
b After sulfidation (0.06% H2S/25% H2/7.5% CO2/He) at 25◦C for 0.5 h

followed by regeneration in 20% O2/He at 500◦C for 4 h.

(1.7 m2/g) was slightly increased after sulfidation but still r
mained at the same low level compared with that of the fr
solid. The BET surface area of the solids with a total con
of 10 mol% (Fe+ Mn) was greater than that of the solids w
a total content of 20 mol%. This is due to the higher conc
tration of Zn2+ used in the former solids. It has been repor
[38] that the smaller Zn2+ cation (in comparison with the large
Mn2+ one) causes shrinkage of the Mn–Zn ferrite oxide latt
leading to increased BET surface area. Akyurtlu and Akyu
[39] reported the synthesis of zinc ferrite (25.8 wt% Zn a
44 wt% Fe) with a BET area of 3.6 m2/g after calcination a
600◦C. Vanadium-doped zinc ferrites also exhibited low B
surface areas (1.0–3.0 m2/g) [33]. Kim et al. [40] reported the
synthesis of Ni-doped zinc ferrites with a BET surface are
77.6 m2/g. Baldi et al.[41] reported the synthesis of Fe–Mn–
mixed-metal oxides (50:50 ratio of Fe2O3:Mn2O3) with a BET
area of 11 m2/g.Table 1gives the surface areas of all H2S solid
adsorbents synthesized in the present work (fresh) and tho
ter used in H2S adsorption and regeneration studies.

3.1.2. X-Ray diffraction studies
Fig. 1A(a) shows XRD patterns of the 5 Fe–15 Mn–

Zn–40 Ti–O solid (fresh) after calcination at 500◦C (see Sec
tion 2.1). The main crystalline phases detected w
(Mn,Zn)Fe2O4 (1), ZnMnO3 (2), and ZnTiO3 (3), according
to ASTM data. After exposure to the H2S/H2/CO2/He gas mix-
ture at 100◦C for 0.5 h (Fig. 1A(b)), the solid exhibits broade
diffraction peaks with lower intensities compared with those
the fresh solid. XRD peak broadening is due to a decrease o
crystalline long-range order and is associated with decrea
crystalline domain size and/or accumulated strain[42]. A new
peak of low intensity appears at 28.6◦ and 47.9◦ and is assigned
to ZnS (peak 4,Fig. 1A(b)). The solid after sulfidation show
diffraction peaks shifted to lower 2θ angles compared with th
fresh solid. For example, as shown inFig. 1B, the XRD peaks
at 36◦ and 62.7◦ (2θ) in the fresh sample shift to 35.5◦ and
62.3◦, respectively, after sulfidation. This shift is another pro
of the structural changes occurred during the applied sulfida
conditions. It has been reported[43] that metal sulfides forma
tion and their effect on the oxidation of H2S to elemental sulfu
(Claus industrial process), along with structural changes in
h
t
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f
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e

Fig. 1. (A) XRD patterns of 5 Fe–15 Mn–40 Zn–40 Ti–O solid. (a) Fre
(calcined in 20% O2/He, 500◦C, 4 h); (b) after sulfidation (H2S/H2/CO2/He,
100◦C, 0.5 h); (c) after sulfidation followed by regeneration (20% O2/He,
750◦C, 10 h). (B) 2θ XRD peak shifts in the 32◦–66◦ 2θ range. XRD peaks
(1) (Mn,Zn)Fe2O4; (2) ZnMnO3; (3) ZnTiO3; (4) ZnS; (5) MnS.

oxidic phases of the industrially used catalysts, are importa
the understanding of this catalytic chemistry mechanism.

After regeneration at 750◦C for 10 h (Fig. 1A(c)), the XRD
peaks at 28.9◦ and 48.2◦ that correspond to ZnS disappear, a
a new peak assigned to Fe2O3 appears (peak 5,Fig. 1A(c)).
These results indicate the efficiency of the regeneration pr
dure applied for the particular solid composition. Compar
the intensity of the peak at 43.5◦ (peak 2, ZnMnO3) in the
three XRD patterns ofFig. 1A demonstrates that the particul
peak intensity progressively diminishes from the fresh sam
to the sulfided sample and completely vanishes in the rege
ated sample.

XRD studies were also conducted over the 20 Fe–40
40 Ti–O solid as fresh (Fig. 2a), after exposure to the H2S/H2/
CO2/He gas mixture at 100◦C for 0.5 h (Fig. 2b), and after
regeneration at 500◦C for 4 h (Fig. 2c). The main crystalline
phases detected in the fresh solid were ZnFe2O4 (1) TiO2 (2),
ZnTiO3 (3), and Fe2O3 (5). In the case of regenerated sam
(Fig. 2c), two new peaks appeared (at 2θ = 14.1◦ and 16.9◦)
due to the presence of Fe2(SO4)3 (peak 6). The presence o
iron sulfate in the regenerated samples of the Fe–Mn–Zn–T
series of solids was also detected by XPS studies. No chara
istic peaks of MnS, FeS, and ZnS were noticed. The differe
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Fig. 2. XRD patterns of 20 Fe–40 Zn–40 Ti–O solid. (a) Fresh (calcined in
O2/He, 500◦C, 4 h); (b) after sulfidation (H2S/H2/CO2/He, 100◦C, 0.5 h);
(c) after sulfidation followed by regeneration (20% O2/He, 750◦C, 10 h). XRD
peaks: (1) ZnFe2O4; (2) TiO2; (3) ZnTiO3; (5) Fe2O3; (6) Fe2(SO4)3.

Table 2
XRD crystalline phases of various H2S solid adsorbents prepared by the sol–
method

Solid adsorbenta Crystalline phases

5 Fe–15 Mn–40 Zn–40 Ti–O ZnMnO3, ZnTiO3, (Mn,Zn)Fe2O4
10 Fe–10 Mn–40 Zn–40 Ti–O ZnMnO3, ZnTiO3, (Mn,Zn)Fe2O4
15 Fe–5 Mn–40 Zn–40 Ti–O ZnMnO3, ZnTiO3, (Mn,Zn)Fe2O4
20 Fe–40 Zn–40 Ti–O ZnTiO3, ZnFe2O4, Fe2O3, TiO2
5 Fe–5 Mn–45 Zn–45 Ti–O ZnMnO3, ZnTiO3, (Mn,Zn)Fe2O4
7 Fe–3 Mn–45 Zn–45 Ti–O ZnMnO3, ZnTiO3, (Mn,Zn)Fe2O4

a The solids were calcined in 20% O2/He at 500◦C for 4 h before XRD
measurements were taken.

in 2θ (XRD peaks) among fresh, sulfided, and regenerated s
ples for the 20 Fe–40 Zn–40 Ti–O solid were smaller than th
for 5 Fe–15 Mn–40 Zn–40 Ti–O. This result suggests a m
influence of the gas applied treatments on the structural cha
in 20 Fe–40 Zn–40 Ti–O solid.Table 2lists the main crystalline
phases detected in all fresh solid adsorbents tested for H2S up-
take efficiency.

3.1.3. SEM studies
Fig. 3 presents SEM micrographs of the 5 Fe–15 M

40 Zn–40 Ti–O fresh solid (Fig. 3a) and after sulfidation
(H2S/H2/CO2/He, 100◦C, 0.5 h) followed by regeneratio
(20% O2/He, 750◦C, 10 h) (Fig. 3b). These photograph
demonstrate a drastic change in the texture and morpho
of the solid after sulfidation and regeneration. The large p
network in the fresh 5 Fe–15 Mn–40 Zn–40 Ti–O solid is e
dent, in agreement with its relatively high BET value (Table 1).
The solid after sulfidation and regeneration consists of large
gregates of different sizes (2.5–9.0 µm;Fig. 2b). This result is
in harmony with the drastic decrease in the BET area of
solid after sulfidation and regeneration (Table 1, Section3.1.1).
Novochinskii et al.[44] reported that in flat or flake crysta
morphologies, the external mass transfer limitations during
sorption are much smaller than those encountered with c
or prisms, supporting the view that sulfidation is dependen
particle morphology[45]. The texture of the 20 Fe–40 Zn–4
Ti–O solid was largely different than that of the 5 Fe–15 M
40 Zn–40 Ti–O solid. The former consisted of aggregates (l
-
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Fig. 3. SEM-photographs of the 5 Fe–15 Mn–40 Zn–40 Ti–O solid. (a) F
(calcined in 20% O2/He, 500◦C, 4 h); (b) after sulfidation (H2S/H2/CO2/He at
100◦C, 0.5 h) followed by regeneration (20% O2/He, 750◦C, 10 h).

particles), in accordance with its low BET surface area (seeTa-
ble 1). The aggregation of the particles is a result of grain fus
in the solid[46]. This suggestion is supported by the XPS
sults, which showed metal cation migration to inner and o
layers during sulfidation and regeneration (see Section3.1.6).

3.1.4. H2-TPR studies
Fig. 4a presents H2-TPR traces obtained with the Fe–Mn

Zn–Ti–O series of solids. The 5 Fe–15 Mn–40 Zn–40 Ti
solid shows a TPR trace characterized by a broad but s
metrical peak in the 275–800◦C range. As the amount of F
in the solid increases, the H2 TPR trace becomes broader a
consists of a number of peaks. Thus, introducing more
ions (Fe2+/Fe3+) in the oxide lattice of Fe–Mn–Zn–Ti–O in
creases the amount of reducible oxygen species, reducin
strength of the M–O–M′ bonds. The maximum reduction ra
(140 µmol/(g min)) observed for the 20 Fe–40 Zn–40 Ti–
solid is the lowest obtained in the oxides (185 µmol/(g min)
for the 5 Fe–15 Mn–40 Zn–40 Ti–O and 210 µmol/(g min)
for the remaining two solids). At 750◦C, the reduction rate
of 5 Fe–15 Mn–40 Zn–40 Ti–O and 10 Fe–10 Mn–40 Zn–
Ti–O solids approaches zero, whereas that of 15 Fe–5
40 Zn–40 Ti–O exhibits its highest value (210 µmol/(g min)).
By integrating the H2-TPR traces, the amount of H2 consump-
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Fig. 4. (a) Hydrogen temperature-programmed reduction (H2-TPR) profiles
obtained over the fresh Fe–Mn–Zn–Ti–O series of solids. (b) H2-TPR pro-
files obtained on 5 Fe–15 Mn–40 Zn–40 Ti–O solid during three consec
oxidation/reduction cycles: 20% O2/He (500◦C, 2 h)→ 2% H2/He (TPR), re-
peat cycle. (c) H2-TPR profiles obtained over the regenerated 5 Fe–15 Mn
Zn–40 Ti–O, 15 Fe–5 Mn–40 Zn–40 Ti–O and 20 Fe–40 Zn–40 Ti–O so
FH2/He = 50 NmL/min; β = 30◦C/min; W = 0.2 g. Regeneration conditions
20% O2/He, 500◦C, 10 h.

tion and equivalent reducible lattice oxygen can be estima
This value was found to be 1794 µmol O/g for 5 Fe–15 Mn–
40 Zn–40 Ti–O, 2307 µmol O/g for 10 Fe–10 Mn–40 Zn–
40 Ti–O, 4469 µmol O/g for 15 Fe–5 Mn–40 Zn–40 Ti–O, an
1078 µmol O/g for 20 Fe–40 Zn–40 Ti–O solid.

In the 20 Fe–40 Zn–40 Ti–O solid, two not well-resolv
reduction peaks appear (Fig. 4a). The first peak appears
e

.

d.

the 200–525◦C range with a shoulder in the low-temperatu
range, while the second narrow one in the 525–670◦C range.
These peaks reflect the reduction of oxygen species in the
crystalline phases of the solid (ZnTiO3, ZnFe2O4, TiO2, and
Fe2O3; Table 2). According to our previous studies[28], a
minor part of the low-temperature TPR peak was assigne
the reduction of ZnTiO3, whereas the major part of it was a
tributed to the reduction of ZnFe2O4 [47,48]. In the presence
of H2, zinc ferrites decompose into ZnO and Fe2O3, and ferric
oxide is further reduced to metallic iron[49]. The reduction
profile of Fe2O3 has been reported to present two peaks
327 and 527◦C, corresponding to the reduction processes
Fe2O3 → Fe3O4 and Fe3O4 → Fe [50], respectively; the high
temperature peak reflects the reduction of Fe3+ to Fe0. H2-TPR
studies conducted on TiO2 single-metal oxide also prepared
the sol–gel method showed that the H2-TPR trace consists o
a symmetrical peak (TM = 660◦C) with a maximum reduc
tion rate of 30 µmol H2/(g min). According to these results,
small contribution of TiO2 reduction cannot be excluded fro
the TPR trace of 20 Fe–40 Zn–40 Ti–O solid (Fig. 4a).

The reduction profile of 5 Fe–15 Mn–40 Zn–40 Ti–
solid is related to the reduction of (Mn,Zn)MnO3, ZnFe2O4,
and ZnTiO3 (the main crystalline phases according to XR
studies). The reduction process of ZnMnO3 is a stepwise
process [51]: ZnMnO3 → ZnMnO2.5 (327◦C) → ZnO +
Mn2O3 (527◦C) → MnO → Mn. The different size of the oxy
gen “pools” reduced, as reflected by the broadness of are
and III, can be assigned to the different Fe/Mn ratios and
interaction of Fe and Mn cations, which regulate not only
percentage of each in the aforementioned crystal phases
also the reduction mechanism of the oxides (shrinking core
nucleation model), as reflected by the different shapes o
TPR traces[51,52].

The redox behavior of the 5 Fe–15 Mn–40 Zn–40 Ti–O so
for three consecutive TPR runs is presented inFig. 4b. After
calcination in 20% O2/He at 500◦C for 2 h, a H2-TPR run was
made; this is termed a redox cycle. A lower maximum reduc
rate (140 µmol/(g min)) is obtained during the second red
cycle compared with the first cycle (190 µmol/(g min)). In con-
trast, the TPR trace of the third redox cycle is very similar
that of second redox cycle. The amount of hydrogen consu
is 1794 µmol H2/g for the first redox cycle, 829 µmol H2/g
for the second cycle, and 850 µmol H2/g for the third cycle.
During the first and second redox cycles, structural change
curred in the solid that influenced the strength of the M–O–′
bonds in the various metal oxide lattices present. It appears
these structural changes become permanent after the seco
dox cycle.

Fig. 4c presents H2-TPR traces obtained over the 5 Fe–
Mn–40 Zn–40 Ti–O, 15 Fe–5 Mn–40 Zn–40 Ti–O, and 20 F
40 Zn–40 Ti–O solids after exposure to the H2S/H2/CO2/He
gas mixture at 100◦C for 0.5 h followed by regeneration a
500◦C for 10 h. The 15 Fe–5 Mn–40 Zn–40 Ti–O solid prese
a broad reduction peak, in the 380–800◦C range, whereas th
5 Fe–15 Mn–40 Zn–40 Ti–O solid has a narrower peak, in
400–750◦C range. The 20 Fe–40 Zn–40 Ti–O solid presen
reduction peak starting at a higher temperature (480◦C). The
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amount of reducible lattice oxygen is 1914 µmol O/g for the
5 Fe–15 Mn–40 Zn–40 Ti–O solid, 2103 µmol O/g for the 15
Fe–5 Mn–40 Zn–40 Ti–O solid, and 1311 µmol O/g for the
20 Fe–40 Zn–40 Ti–O solid. Comparing the results ofFigs. 4a
and 4cshows that the amount of reducible oxygen increase
6.7 and 22% after sulfidation and regeneration of the 5 Fe
Mn–40 Zn–40 Ti–O and 20 Fe–40 Zn–40 Ti–O solids, resp
tively. In contrast, a significant decrease (by 53%) in the amo
of reducible oxygen is observed for the 15 Fe–5 Mn–40 Z
40 Ti–O solid. Because the BET surface area of the 20 Fe
Zn–40 Ti–O solid is low and remains so after sulfidation and
generation, the major part of the reducible oxygen correspo
to that in the bulk of the solid. But the 5 Fe–15 Mn–40 Z
40 Ti–O solid preserves a major part of its surface area a
sulfidation and regeneration, so the TPR trace reflects bot
reduction of surface (low temperature range) and bulk (h
temperature range) oxygen. According to the XPS results (
tion 3.1.6), after regeneration at 500◦C, the 5 Fe–15 Mn–40

Table 3
Amounts of H2 consumed or lattice oxygen reduced (µmol/g) during TPR ex-
periments

Solid composition Amount of lattice
oxygen reduced (µmol/g)

5 Fe–15 Mn–40 Zn–40 Ti–O 1794a

829b

850c

1914.2d

10 Fe–5 Mn–40 Zn–40 Ti–O 2307a

15 Fe–5 Mn–40 Zn–40 Ti–O 4469.9a

1331b

1359c

2103d

20 Fe–40 Zn–40 Ti–O 1078.5a

1311d

a Reduction was conducted after calcination at 500◦C for 2 h.
b 2nd TPR conducted aftera.
c 3rd TPR conducted afterb.
d TPR conducted after sulfidation (H2S/H2/CO2/He) at 100◦C for 0.5 h fol-

lowed by regeneration at 500◦C for 10 h.
y
5
-
t

0
-
s

r
e

c-

Zn–40 Ti–O and 20 Fe–40 Zn–40 Ti–O solids preserve 9.6
7.8 at% S on their surface, respectively (mainly as SO4

2). The
increase in reducible oxygen could also be due to sulfate re
tion [53].

Comparing the nominal Fe/Mn ratios with those revealed
XPS studies for the 5 Fe–15 Mn–40 Zn–40 Ti–O and 15 F
Mn–40 Zn–40 Ti–O solids demonstrates that the former s
presents a surface enriched in Fe, whereas the latter soli
a surface enriched in Mn. The various Mn oxidation states
cilitate lattice oxygen reduction, and thus a larger amoun
reducible oxygen is expected, as indeed was obtained (
traces). Another important result from the TPR traces ofFig. 4
is that besides the fact that two or more phases are prese
all of the Fe–Mn–Zn–Ti–O solids (see the XRD and Raman
sults), only one TPR peak is obtained, suggesting that redu
of the various crystalline phases occurs with essentially sim
activation energy values[51,52]. Table 3reports the amount
of lattice oxygen reduced in the 25–750◦C range (Fig. 4) as a
function of Fe–Mn–Zn–Ti–O solid composition.

3.1.5. Surface acidity and basicity studies—correlation with
H2S uptake

Table 4 reports comparative results of acidity measu
ments (NH3-TPD) performed on the Fe–Mn–Zn–Ti–O ser
of solids as fresh (calcined at 500◦C for 4 h), after expo-
sure to the adsorption mixture of H2S/H2/CO2/He at 25◦C
for 0.5 h, and after regeneration in 20% O2/He at 500◦C
for 4 h after sulfidation. In fresh solids, surface acidity d
creases with increasing Fe/Mn molar ratio. This result ag
with the decreased Mn at% surface concentration found
XPS (see Section3.1.6), where Mn4+ behaves as a strong
Lewis acid site. The same conclusion could be drawn by c
paring the NH3 uptakes of the fresh 5 Fe–15 Mn–40 Zn–
Ti–O (525 µmol NH3/g) and 5 Fe–5 Mn–45 Zn–45 Ti–O
(338 µmol NH3/g) solids, where the surface acidity is d
mainly to the Mn-containing species (ZnMnO3 and Mn–Zn fer-
rite) [51]. In the crystalline phase of ZnMnO3, the presence o
Zn2+ and Mn4+ cations with a different charge/radii (q/r) rat
leads to the formation of acid sites of varying strengths[51]. We
can draw the same conclusion by comparing the surface
ity of 5 Fe–5 Mn–45 Zn–45 Ti–O and 7 Fe–3 Mn–45 Zn–
Table 4
NH3 and CO2 uptakes measured during TPD experiments on Fe–Mn–Zn–Ti–O mixed metal oxides prepared by the sol–gel method

Solid composition Uptake (µmol/g)

Fresha After sulfidationb After regenerationc

NH3 CO2 NH3 CO2 NH3 CO2

5 Fe–15 Mn–40 Zn–40 Ti–O 525 5.0 160 5.0 73 4.0

10 Fe–10 Mn–40 Zn–40 Ti–O 249.4 21.2 – – – –

15 Fe–5 Mn–40 Zn–40 Ti–O 145 11.8 279 4.0 213 4.0

20 Fe–40 Zn–40 Ti–O 112 6.0 166 4.0 156 4.0

5 Fe–5 Mn–45 Zn–45 Ti–O 338 17.9

7 Fe–3 Mn–45 Zn–45 Ti–O 295 16.9

a The solid was calcined in 20% O2/He at 500◦C for 4 h.
b The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He gas mixture at 25◦C for 0.5 h.
c The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He gas mixture followed by regeneration with 20% O2/He at 500◦C for 4 h.



212 K. Polychronopoulou et al. / Journal of Catalysis 236 (2005) 205–220

nit
n–
n–
o

ty

ac-
the
15
the

–40
n,
e–
is

olid
io i
s

,
siv
se
a k
ulk
f th
tan
atio

er
m
su

n
ox

el

y
rease
by

is-
well
dis-
the
ow-
st

x-
nge

the
d. It

–40
hat
n of

–40

tion
to
i–O
n by
face

reas
e

st, af-

.5%
Ti–O solids; decreasing the Mn mol% by 2 percentage u
decreases the NH3 uptake by 13%. For the 5 Fe–15 Mn–40 Z
40 Ti–O, 10 Fe–10 Mn–40 Zn–40 Ti–O, and 15 Fe–5 M
40 Zn–40 Ti–O solids, the surface atomic concentration
Mn decreases (see Section3.1.6), as does the surface acidi
(Table 4).

After sulfidation, the surface acidity of the solids varies
cording to the Fe/Mn surface molar ratio. For example,
surface acidity drops significantly (by 70%) for the 5 Fe–
Mn–40 Zn–40 Ti–O solid, whereas it increases by 92% for
15 Fe–5 Mn–40 Zn–40 Ti–O solid and by 48% for the 20 Fe
Zn–40 Ti–O solid. After sulfidation followed by regeneratio
the surface acidity of 5 Fe–15 Mn–40 Zn–40 Ti–O, 15 F
5 Mn–40 Zn–40 Ti–O, and 20 Fe–40 Zn–40 Ti–O solids
reduced based on the Fe/Mn molar ratio (Table 4). The reduced
acidity of the regenerated 5 Fe–15 Mn–40 Zn–40 Ti–O s
can be explained as follows. The Fe/Mn surface molar rat
practically the same in both the fresh and the sulfided state
the solid (0.40 vs. 0.38; see Section3.1.6). After regeneration
the surface acidity drops significantly, possibly due to exten
surface reconstruction. The latter is identified by the increa
S at% surface composition measured after regeneration,
netically limited process that leads to S migration from the b
to the surface. On the other hand, the surface basicity o
5 Fe–15 Mn–40 Zn–40 Ti–O solid remains practically cons
after sulfidation and decreases by 20% only after regener
(Table 4).

Based on the results ofTable 4, the surface acid charact
of the sol–gel-prepared mixed-metal oxides (fresh) is predo
nant compared with their surface basic character. These re
can be explained based on the findings of Ziolek et al.[54],
who contended that three possible H2S adsorption steps ca
be considered. The first of these steps is exchange of the
gen of metal oxide for sulfur, dissociation of H2S into HS−
and H+ (the latter found as –OH species) and a coordinativ
s

f

s
of

e
d
i-

e
t
n

i-
lts

y-

y

bonded H2S. Travert et al.[55] studied the adsorption of H2S
on SiO2, Al2O3, TiO2, and ZrO2 by infrared (IR) spectroscop
using CO as a probe molecule. They reported that the dec
in Lewis acidity was due to the occupation of acidic sites
both the adsorbed H2S and the intermediate products of its d
sociation. An increased number of Brönsted acid sites, as
as modification of their strength, was also observed. As
cussed earlier, the fresh solid with 20 mol% Fe exhibits
lowest concentration of acid sites after sulfidation and the l
est H2S uptake (see Section3.2), but demonstrates the stronge
M–O–M′ bonds (see Section3.1.4). These results can be e
plained by considering that the pathways of oxygen excha
for sulfur and/or H2S dissociation are not the main paths for
sulfidation mechanism over the 20 Fe–40 Zn–40 Ti–O soli
is suggested that a dissociative coordination of H2S on Lewis
acid sites is favored instead. The products of H2S adsorption
lead to increased Brönsted acidity. The acidity of the 20 Fe
Zn–40 Ti–O solid after sulfidation is 1.5 times higher than t
of the fresh sample. In contrast, an associative coordinatio
H2S on Lewis acid sites is favored over the 5 Fe–15 Mn
Zn–40 Ti–O solid.

3.1.6. X-Ray photoelectron spectroscopy studies
Table 5reports the surface metal and sulfur at% composi

of the Fe–Mn–Zn–Ti–O H2S solid adsorbents after exposure
different gas atmospheres. The 5 Fe–15 Mn–40 Zn–40 T
solid shows decreases in Fe, Mn, and Zn surface compositio
17, 13, and 7%, respectively, and a minor increase in Ti sur
composition after exposure of the solid to the H2S/H2/CO2/He
gas mixture. The Fe/(Fe+ Mn + Zn + Ti) ratio appears to be
lower than in the case of the fresh solid (6.5 vs. 7.5%), whe
after regeneration (500◦C, 4 h), it appears to be practically th
same in both the fresh and the regenerated solids. In contra
ter regeneration at 750◦C for 10 h, the Fe/(Fe+Mn+Zn+Ti)
ratio appears to be higher than that of the fresh solid (8
Table 5
Surface at% composition of the Fe–Mn–Zn–Ti–O series of solids (fresh, sulfated and regenerated) derived from XPS analyses

Solid composition Atom% surface composition

Ti Zn Fe Mn S

5 Fe–5 Mn–45 Zn–45 Ti–O 52.3a 38.2 4.2 5.3 –
7 Fe–3 Mn–45 Zn–45 Ti–O 45.2a 41.1 9.5 4.2 –

5 Fe–15 Mn–40 Zn–40 Ti–O 39.4a 34.5 7.5 18.6 –
40.9b 31.9 6.2 16.2 4.8
41.7c 28.2 8.1 17.0 5.0
29.7d 38.0 6.5 16.2 9.6

10 Fe–10 Mn–40 Zn–40 Ti–O 45.1a 35.4 8.6 10.9 –

15 Fe–5 Mn–40 Zn–40 Ti–O 38.7a 44.0 10.4 6.9 –
31.8d 45.5 9.1 6.6 7.0

20 Fe–40 Zn–40 Ti–O 37.68a 45.79 16.51 – –
35.2b 41.8 15.1 – 7.9
33.43c 46.49 20.07 – –
31.3d 48.3 12.6 – 7.8

a After synthesis, the solid was calcined in 20% O2/He at 500◦C for 4 h.
b The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He at 100◦C for 0.5 h.
c After treatment in 0.06% H2S/25% H2/7.5% CO2/He, the solid was regenerated in 20% O2/He at 750◦C for 10 h.
d After treatment in 0.06% H2S/25% H2/7.5% CO2/He, the solid was regenerated in 20% O2/He at 500◦C for 4 h.
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vs. 7.5%). Based on these results, it appears that treatme
the fresh 5 Fe–15 Mn–40 Zn–40 Ti–O solid with the giv
H2S-containing gas mixture causes migration of Fe to the
ner layers of the solid. Regeneration of the solid at 500◦C is
sufficient to recover the Fe surface concentration, wherea
generation at 750◦C results in a surface enriched with Fe. T
lower surface atomic concentration of Zn after regeneratio
750◦C for 10 h is consistent with Zn migration to the inner la
ers of the solid. This migration is in harmony with a grain–gr
fusion in solid particles[46], as evidenced by the present SE
studies.

We note the following points about the 20 Fe–40 Zn–
Ti–O solid, which exhibits the lowest H2S uptakes (see Se
tion 3.2.1):

(a) After the solid was exposed to the H2S/H2/CO2/He gas
mixture, 8.5, 8.7, and 6.6% decreases in Fe, Zn, and Ti
face concentrations, respectively, occurred (Table 5).

(b) The Fe/(Fe+ Zn+ Ti) ratio appears to be higher after su
fidation compared with the fresh sample.

(c) After regeneration at 500◦C, the Fe/(Fe+ Zn + Ti) ratio
further decreased, whereas after regeneration at 750◦C, it
was higher than that of the fresh solid (Fe surface enr
ment).

XPS results show that the 5 Fe–15 Mn–40 Zn–40 Ti–O s
is more susceptible to Fe migration through inner layers (
during sulfidation) or outer layers (i.e., during regenerati
than the 20 Fe–40 Zn–40 Ti–O solid. These results are in g
agreement with the findings of BET and SEM studies (S
tions 3.1.1 and 3.1.3) demonstrating that the 20 Fe–40 Zn–
Ti–O fresh solid consists of aggregates and has a significa
lower BET area (1.4 m2/g) than the 5 Fe–15 Mn–40 Zn–4
Ti–O solid (107.4 m2/g). It is obvious that the metal cation di
fusion mechanism that has been suggested for the propag
of sulfidation at low temperatures (<100◦C) is facilitated in a
solid with high surface area[5,45].

After sulfidation, the S surface atomic concentration is 4.
in the 5 Fe–15 Mn–40 Zn–40 Ti–O solid and 7.9% in t
20 Fe–40 Zn–40 Ti–O solid (Table 5). The presence of sulfu
and sulfates after sulfidation and regeneration is in agree
with reports in the literature[56]. Because the escape depth
the photoelectrons in the solid analyzed by XPS is confi
to 3–5 nm, only the topmost layers of the solid particles
concerned. Part of S has penetrated in the inner layers o
5 Fe–15 Mn–40 Zn–40 Ti–O solid, a procedure that is m
difficult in the 20 Fe–40 Zn–40 Ti–O solid as discussed ear

Fig. 5presents XPS spectra of S 2p core electron levels
tained in the 5 Fe–15 Mn–40 Zn–40 Ti–O solid after sulfidat
followed by regeneration at 750◦C for 10 h (R-1 spectrum) an
500◦C for 4 h (R-2 spectrum). After sulfidation followed b
regeneration at 500◦C, XPS spectra corresponding to 15 F
5 Mn–40 Zn–40 Ti–O (R-3) and 20 Fe–40 Zn–40 Ti–O (R
solids were obtained. The S 2p XP peak at 168 eV corresp
to S–O moieties and is attributed to SO4

2− [57]. The S 2p
XP peak at 162 eV corresponds to S2− in the case of sul
fided samples. All fresh samples present Mn 2p3/2 BEs (642.3–
of
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Fig. 5. X-Ray photoelectron spectra of S 2p core electron level obtaine
the 5 Fe–15 Mn–40 Zn–40 Ti–O solid (a) after sulfidation and regenera
(750◦C, 10 h) (R-1); (b) after sulfidation and regeneration (500◦C, 4 h) (R-2);
(c) after sulfidation and regeneration at 500◦C for 4 h of 15 Fe–5 Mn–40 Zn–
40 Ti–O (R-3) and (d) 20 Fe–40 Zn–40 Ti–O (R-4) solids.

642.5 eV), which correspond to Mn4+ [58], result which is in
harmony with the presence of the ZnMnO3 phase (see XRD
studies). The Fe 2p3/2 peak with a binding energy at 711
712 eV corresponds to an Fe(III)-O environment accordin
Thomas et al.[59]. The 5 Fe–15 Mn–40 Zn–40 Ti–O solid a
ter sulfidation presents Mn 2p3/2 BEs equal to 641.6 eV, whic
accounts for Mn3+ [58] (Mn is reduced after sulfidation). Th
following reactions are consistent with the XPS data:

ZnMnO3 → ZnO+ MnIV O2 (dissociation by H2S) (1)

and

2MnO2 + 4H2S→ Mn(III)
2 S3 + 4H2O + S

(reduction by H2S). (2)

After regeneration, Mn species are reoxidized to tetravalent
ions. In contrast, sulfidation hardly influences the electro
state of iron, because the same binding energy of Fe 23/2
for the fresh and sulfided samples was obtained. The oxida
states of Zn2+ and Ti4+ appeared unaffected by the applied s
fidation and regeneration conditions.

3.1.7. Mössbauer studies
Table 6 reports Mössbauer data extracted from the sp

tra recorded at 25◦C on the fresh, sulfided (100◦C, 0.5 h),
and regenerated (500◦C/4 h or 750◦C/10 h) 5 Fe–15 Mn–
40 Zn–40 Ti–O and 20 Fe–40 Zn–40 Ti–O solids. For the fr
5 Fe–15 Mn–40 Zn–40 Ti–O solid, the isomer shift (IS) (δFe)
equals 0.33 mm/s. This value is typical of Fe3+ located in the
B-sites of Mn–Zn ferrite nanoparticles[60]. Given that pure
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Table 6
Mössbauer parameters corresponding to the 5 Fe–15 Mn–40 Zn–40 Ti–O
20 Fe–40 Zn–40 Ti–O solids as fresh, after sulfidation and regeneration

Solid composition δFe
(mm/s)

�Eq
(mm/s)

Γ/2
(mm/s)

5 Fe–15 Mn–40 Zn–40 Ti–O 0.33a 0.53 0.19
0.34b 0.57 0.19
0.34c 0.47 0.17
0.34d 0.57 0.21

20 Fe–40 Zn–40 Ti–O 0.37a 0.43 0.17
0.37b 0.45 0.17
0.37c 0.44 0.17
0.37d 0.45 0.17

a The solid was calcined in 20% O2/He at 500◦C for 4 h.
b The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He at 100◦C for

0.5 h.
c The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He followed by

regeneration in 20% O2/He at 750◦C for 10 h.
d The solid was treated in 0.06% H2S/25% H2/7.5% CO2/He followed by

regeneration in 20% O2/He at 500◦C for 4 h.

ZnFe2O4 spinel phase has�Eq = 0.36 mm/s at room temper
ature, MnFe2O4 is magnetic at room temperature, and tha
relatively low calcination temperature (500◦C) was used, the
presence of a Mn–Zn ferrite crystal phase ((Mn,Zn)Fe2O4) is
suggested. After exposure of the 5 Fe–15 Mn–40 Zn–40 T
solid to the H2S/H2/CO2/He gas mixture, the IS paramet
is preserved within experimental accuracy (0.34 mm/s). This
result strongly supports the view that the Fe3+ environment
hardly has been influenced by the given sulfidation proc
This is in agreement with the XPS results (see Section3.1.6).
After sulfidation, the IS and�Eq values suggest the presen
of FeS2 [61]. The regeneration seems to have drastically
fluenced the structural properties of the 5 Fe–15 Mn–40
40 Ti–O solid. After regeneration at 500◦C, the IS and�Eq

values of the solid remain the same as in the case after su
tion. But after regeneration at 750◦C, the�Eq value changes
to 0.57 mm/s. The values obtained for the Mössbauer para
ters are attributed to the presence of FeS2 (marcasite). The sam
value of isomer shift observed in the fresh sample after ex
sure to the H2S-containing gas mixture and that after regene
tion signifies the same electron density for the Fe nucleus.

In the 20 Fe–40 Zn–40 Ti–O solid, the IS and�Eq pa-
rameters are similar for the fresh, sulfided, and regener
solids (Table 6) within the limits of experimental error. Th
same value of IS and quadrapole splitting (0.43–0.45 mm/s)
observed corresponds to the same electron density and en
ment geometry for the Fe nucleus. Thus the Mössbauer re
obtained suggest that 5 Fe–15 Mn–40 Zn–40 Ti–O solid is m
susceptible than the 20 Fe–40 Zn–40 Ti–O solid to electr
perturbations and structural distortions during sulfidation. T
finding is in harmony with the XRD (Section3.1.2), XPS (Sec-
tion 3.1.6), and Raman (Section3.1.8) studies.

Comparing the solid phase composition in 5 Fe–15 Mn
Zn–40 Ti–O and 20 Fe–40 Zn–40 Ti–O solids, it can be sta
that Mn plays a key role in defining the cation distribution
the A and B sites in the present spinel phases (Fe3+ + Mn2+ ⇔
Fe2+ + Mn3+). In turn, this regulates the adsorption of H2S,
nd

s.
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Fig. 6. Raman spectra of 5 Fe–15 Mn–40 Zn–40 Ti–O solid. (a) Fresh, F
cined in 20% O2/He, 500◦C, 4 h); (b) after sulfidation, S (H2S/H2/CO2/He,
100◦C, 0.5 h); (c) after sulfidation followed by regeneration, R-1 (20% O2/He,
750◦C, 10 h); (d) after sulfidation followed by regeneration, R-2 (20% O2/
He, 500◦C, 4 h).

in which 5 Fe–15 Mn–40 Zn–40 Ti–O exhibits significan
larger H2S uptake than the 20 Fe–40 Zn–40 Ti–O solid (
Section3.2).

3.1.8. Raman studies
Fig. 6a presents the Raman spectrum obtained on the

5 Fe–15 Mn–40 Zn–40 Ti–O solid. The peaks at 527
676 cm−1 are assigned to (Mn,Zn)Fe2O4 [62,63], in harmony
with the XRD and Mössbauer studies (seeTables 2 and 6).
The broadness of the peak is consistent with the crystall
of ferrite (see alsoFig. 1). Fig. 6b presents the Raman spectru
obtained on the 5 Fe–15 Mn–40 Zn–40 Ti–O solid after ex
sure to the H2S/H2/CO2/He gas mixture at 100◦C for 0.5 h.
The broad peak at 712 cm−1 is assigned to the presence
nonstoichiometric ferrite (MnxZn1−x)Fe2O4 (x < 1) [62,63].
The shift of this band compared with the peak wavenumbe
due to the distorted Mn–Zn ferrite phase[62–64]. The bands
at 150, 217, and 470 cm−1 are typical of sulfur[65]. The
band at 470 cm−1 is somewhat broader than the sulfur typic
Raman band, very likely because of the presence of poly
ides[66,67].

Figs. 6c and 6dpresent Raman spectra obtained on the 5
15 Mn–40 Zn–40 Ti–O solid after its regeneration at 750
500◦C, respectively. According to the literature[68], the broad
bands centered at 237, 448, and 610 cm−1 are typical of disor-
dered manganites, almost independently of the averaged
tallographic long-range symmetry (orthorhombic[69] or rhom-
bohedral[70]), the degree of doping[71], or the nature of the
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element at the A site. Thus these bands reflect some ver
sic structural features. The line near 230 cm−1 was assigned to
a rotational-like distortion of MnO6 octahedra due to the mis
match between the average ionic radius (ra) of the A site species
and the ionic radius (rMn) of Mn [72,73]. The other two band
near 450 and 610 cm−1 are related to the Jahn–Teller octahed
distortions.

By increasing the regenerationT from 500 to 750◦C, the
three broad bands of ZnMnO3 appear to be slightly shifted. Af
ter regeneration at 500◦C (Fig. 6d), the active Raman modes
ZnMnO3 appear at 234, 444, and 610 cm−1, whereas after re
generation at 750◦C, the band at 234 shifts to 239 cm−1 and the
band at 444 shifts to 448 cm−1 (Fig. 6c). However, the differ-
ence in the Raman shift between the spectra shown inFigs. 6c
and 6dis small and considered within the limits of experimen
error (4 cm−1). The absence of detection of ZnMnO3 crys-
talline phase in the fresh sample is likely because this p
is ill-crystallized, whereas the opposite is true in the rege
ated solid. In the case of regeneration at 500◦C, the successiv
calcination cycles led to better crystallization of ZnMnO3; thus
Raman bands appear more intense. In the case of regene
at 750◦C, the ZnMnO3 crystallites are much better formed, a
the Raman bands appear even more intense.

After regeneration at 500◦C (Fig. 6d), a small peak (a
346 cm−1) appears that can be assigned to the remai
sulfur (S2O7

2−) in the sample[74]. Such sulfur oxy-anion
species were reported to be important intermediate specie
der the Claus reaction conditions on alumina-based cata
[75]. These species are then reduced by H2S to form Sx sul-
fur species. This is an important point, because it may sug
that oxygen is required to create oxidizing sites on the pre
metal oxides given the fact that after sulfidation (use of H2S in
the absence of oxygen) only polysulfide species were foun
previously discussed.

The S peaks at 150, 217, and 470 disappear (Fig. 6d). These
results demonstrate that regeneration at 500◦C is capable of
removing a fraction of sulfur from the sample. The peak
710 cm−1 corresponds to (MnxZn1−x)Fe2O4 [64], as also ev-
idenced by the Mössbauer studies. Raman spectra obt
on the 20 Fe–40 Zn–40 Ti–O fresh solid (not presented h
confirmed the presence of Fe2O3 (222, 253, 303, 398 cm−1),
ZnFe2O4 (352, 521, 734 cm−1), and TiO2 (156, 438, 601 cm−1)
phases. After sulfidation and regeneration, practically the s
peaks as those appearing in the fresh solid were obtained
absence of the three typical peaks of sulfur demonstrates
sulfidation of this solid was limited to the surface. The oppo
is true in the 5 Fe–15 Mn–40 Zn–40 Ti–O solid.

3.2. Transient H2S uptake experiments

The H2S uptake of the solids until saturation is obtained w
studied by transient adsorption[28] from the H2S/H2/CO2/He
gas mixture in the 25–100◦C range. The catalyst was pretreat
in 20% O2/He at 500◦C for 2 h, purged in He at 500◦C, and
then cooled in He flow to the desired adsorption temperat
The H2S uptakes were calculated according to the proced
described elsewhere[28].
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3.2.1. Effect of Fe content and regeneration temperature
Fig. 7a presents results of H2S uptake at 25◦C as a func-

tion of Fe content for the Fe–Mn–Zn–Ti–O series of solids
fresh and after exposure to the given H2S-containing gas mix
ture followed by regeneration at 500◦C or 750◦C. Among the
fresh samples, 5 Fe–15 Mn–40 Zn–40 Ti–O with the hi
est BET area (107.4 m2/g) presents the highest H2S uptake
(2.4 mmol/g), whereas the 20 Fe–40 Zn–40 Ti–O solid w
the lowest BET area (1.5 m2/g) presents the lowest uptak
(0.5 mmol/g). Based on these results, sulfidation of 20 F
40 Zn–40 Ti–O solid is limited to its outer layers, where
sulfidation of 5 Fe–15 Mn–40 Zn–40 Ti–O is limited to
inner layers. These results are in harmony with the Rama
sults in which sulfidation of the 5 Fe–15 Mn–40 Zn–40 Ti–
solid showed the characteristic triplet of sulfur (150, 217,
470 cm−1) not observed in the case of sulfided 20 Fe–40 Z
40 Ti–O solid. Kobayashi et al.[16,17]reported an H2S uptake
of 2.48 mmol/g on the fresh zinc ferrite powder sample
450◦C from a gas stream of 1 vol% H2S/N2.

As shown inFig. 7a, the Fe–Mn–Zn–Ti–O solids lose the
H2S uptake capacity to varying extents after regeneratio
500◦C for 4 h. There is an approximate 18% reduction in H2S
uptake for both 5 Fe–15 Mn–40 Zn–40 Ti–O and 20 Fe–40
40 Ti–O solids. Note that the 5 Fe–15 Mn–40 Zn–40 Ti–O so
exhibits a 5-fold greater H2S uptake than the 20 Fe–40 Zn
40 Ti–O solid after regeneration at 500◦C. As clearly shown
by XRD, Mössbauer, and Raman studies, the former soli
more prone to structural changes (increased crystallinity)
the latter during regeneration.

Fig. 7. (a) H2S uptake (mmol/g) as a function of Fe content (mol%) in th
Fe–Mn–Zn–Ti–O solids and regeneration conditions. (b) Regeneration
centage of Fe–Mn–Zn–Ti–O solids as a function of Fe content and rege
tion conditions. Adsorption gas mixture: 0.06% H2S/25% H2/7.5% CO2/He;
F = 30 NmL/min; W = 5 mg.



216 K. Polychronopoulou et al. / Journal of Catalysis 236 (2005) 205–220

in
i–O

shi
se

rys
–O
re
ion
ine

n

on

n-
de
-

tio
te

n o
of
sol
ine
n a

lid
ves
t
–

o
an

or

-

m-

-

-

su

sp
ed

Mn
25–
tion

p-
–
ase
n
t

of
ch
that
the

area

y, as
as a

ro-
as a
ient.

iate
on
n
e in
de-

–Ti–
the
ur-

de

S

After regeneration at 750◦C for 4 h, all Fe–Mn–Zn–Ti–O
solids present lower H2S uptakes. For example, decreases
H2S uptake by 18 and 52% on the 5 Fe–15 Mn–40 Zn–40 T
solid were obtained after regeneration at 500 and 750◦C, re-
spectively. Given the fact that there is a nonlinear relation
between BET surface area and H2S uptake, the large decrea
of H2S uptake after regeneration at 750◦C is partly attributed
to the loss of BET area of the solids and their increased c
tallite size. It is important to note that for the Fe–Mn–Zn–Ti
solids the active sites for H2S adsorption (sulfidation sites) a
mostly Fe, Mn, and Zn metal cations, whereas Ti metal cat
act as structural components favoring the formation of sp
phases and other mixed-metal oxide structures[76]. Another
reason for the large decrease of H2S uptake after regeneratio
at 750◦C is the loss of Zn as observed by XPS studies (seeTa-
ble 3). Zinc is one of the active sites for initiating the sulfidati
process.

The lower H2S uptake exhibited by the solids after rege
eration is also partly due to the presence of remaining sulfi
(S2−) and sulfates (SO42−) in the bulk of the solid, the forma
tion of which is favored in the presence of Mn[77]. Calcination
in air of manganese sulfates at high temperatures (>750◦C) led
to increased formation of manganese oxide[77]. Also note that
the Fe-based H2S adsorbents required the lowest regenera
temperature in air among other H2S adsorbents without sulfa
formation at the end[77].

The percentage regeneration of the solids as a functio
Fe content is presented inFig. 7b. The highest percentages
H2S uptake recovery are obtained after regeneration of the
at 500◦C, whereas the lowest percentage (30%) is obta
over the 15 Fe–5 Mn–40 Zn–40 Ti–O solid after regeneratio
750◦C for 4 h. The highest percentage of H2S uptake recovery
(81.9%) is obtained over the 5 Fe–15 Mn–40 Zn–40 Ti–O so
This result is in harmony with the fact that this solid preser
its BET area after regeneration at 500◦C. After regeneration a
750◦C, the percentage recovery of H2S uptake for the 5 Fe
15 Mn–40 Zn–40 Ti–O solid is reduced to 48.3%. The loss
BET area (seeTable 1) and structural changes (see the Ram
and Mössbauer results) are considered the main causes f
decreased percentage regeneration of the solid at 750◦C com-
pared with 500◦C.

For the 5 Fe–15 Mn–40 Zn–40 Ti–O solid, H2S uptake mea
surements at 25◦C were conducted from 0.06% H2S/He and
0.06% H2S/25% H2/He gas mixtures. For the former gas co
position, the H2S uptake was found to be 3.8 mmol/g, whereas
for the latter, the uptake was 1.34 mmol/g. Comparing these re
sults with those from the 0.06% H2S/25% H2/7.5% CO2/He gas
mixture (2.4 mmol/g) leads to an intial conclusion that a com
petitive adsorption/interaction of H2S, H2, and CO2 occurs on
the given solid. Changes in the chemical environment of
fidation sites due to the presence of CO2 and H2 cannot be
excluded. In particular, the adsorption of CO2 onto On− sites
can cause changes in the acid character of surface sites re
sible for H2S chemisorption and accommodation of its deriv
HS−, S2−, and H+ species.
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Fig. 8. (a) H2S uptake (mmol/g) and percentage regeneration of 5 Fe–15
–40 Zn–40 Ti–O solids as a function of adsorption temperature in the
100◦C range. Results are shown for the fresh solid and after its sulfida
followed by regeneration at 500◦C for 4 h.

3.2.2. Effects of adsorption T
Fig. 8presents results of H2S uptake as a function of adsor

tion temperature in the 25–100◦C range over the 5 Fe–15 Mn
40 Zn–40 Ti–O solid. For the fresh sample, there is an incre
of H2S uptake in the 25–100◦C range. In particular, there is a
increase by a factor of 1.4 at 75◦C and by a factor of 3.2 a
100◦C compared with the uptakes obtained at 25◦C. A similar
behavior is obtained on the regenerated solid at 500◦C. There
is an increase in H2S uptake in the whole temperature range
25–100◦C. But the H2S uptake of the regenerated solid at ea
individual temperature appears to decrease with respect to
obtained on the fresh sample. This behavior is due partly to
presence of remaining sulfur, and also to the loss of BET
after regeneration (Table 1). The formation of ZnS and FeS2
was probed by XRD and Mössbauer studies, respectivel
discussed earlier. The percentage regeneration of the solid
function of adsorption temperature is also presented inFig. 8.
The lowest percentage regeneration is obtained at 100◦C. This
is likely due to the fact that at this temperature, sulfidation p
ceeded to a larger extent into the bulk of the solid, and
result, the regeneration conditions applied were not so effic

3.2.3. Correlation of H2S uptake with BET
According to previous reports[77], a key parameter in

achieving acceptable H2S uptakes at temperatures below 100◦C
is the specific surface area of the solid. This provides immed
availability of sites for adsorption (first step of the sulfidati
process).Fig. 9 shows BET area and H2S uptake as a functio
of Fe content in the Fe–Mn–Zn–Ti–O solids. The decreas
BET area with increasing Fe content is accompanied by a
crease in H2S uptake. The same type of BET area–H2S uptake
relationship has been observed over Zn–Ti–O and Mn–Zn
O solids[28]. These results strongly support the view that
interaction of H2S with these solids is not confined to the s
face. A solid-state diffusion of HS− and S2− species toward
the bulk of the solid particles to eventually form metal sulfi
compounds has been proposed[5]. The initial step of H2S ad-
sorption and the subsequent dissociation of the latter into H−
and H+ is followed by diffusion of HS− and S2− into the ox-
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Fig. 9. Specific surface area (BET, m2/g) and H2S uptake (mmol/g) as a
function of Fe content (mol%) in the fresh Fe–Mn–Zn–Ti–O series of so
Adsorption conditions: 0.06% H2S/25% H2/7.5% CO2/He, 25◦C; F =
30 NmL/min. Regeneration conditions: 20% O2/He, 500◦C, 4 h.

Fig. 10. H2S uptake (mmol/g) as a function of adsorption temperature in t
25–100◦C range obtained on the 5 Fe–15 Mn–40 Zn–40 Ti–O and Ni-ba
commercial solid adsorbents. Adsorption gas mixture used: 0.06%2S/
25% H2/7.5% CO2/He;F = 30 NmL/min.

ide lattice. Migration of the lattice oxygen to the surface of
solid also proceeds to form H2O. However, bulk diffusion of an
ions is unlikely to occur at low temperatures, and thus sur
reconstruction was proposed instead[5]. This mechanism is ex
pected to depend on BET area and the details of solid cry
morphology[28].

3.2.4. Comparison of H2S uptake of the sol–gel-prepared
solids with a commercial Ni-based solid adsorbent

Fig. 10 compares the H2S uptake obtained on the 5 Fe
15 Mn–40 Zn–40 Ti–O and commercial Ni-based H2S solid
adsorbents as a function of adsorption temperature. Fo
temperature range of 25–50◦C, the sol–gel-prepared sol
has a greater H2S uptake than the commercial one (2.4
0.75 mmol/g at 25◦C and 2.8 vs. 1.3 mmol/g at 50◦C).
However, at 75◦C and 100◦C, the commercial adsorbent h
a greater H2S uptake (by a factor of 2.2 and 1.5, resp
tively). It appears that sulfidation of NiO to form NiS is f
cilitated at temperatures above 50◦C compared with ZnMnO3,
(Mn,Zn)Fe2O4, and ZnTiO3 present in the 5 Fe–15 Mn–40 Zn
40 Ti–O solid. It is important to note that the commerc
Ni–NiO/SiO2 catalyst is not regenerable, as opposed to
presently developed 5 Fe–15 Mn–40 Zn–40 Ti–O solid ad
bent. Also note that 5 Fe–15 Mn–40 Zn–40 Ti–O appear
be the best solid synthesized in our laboratory so far for l
.

d
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Fig. 11. (a) Effect of 1 vol% H2O present in the adsorption gas mixture
the H2S uptake (mmol/g) for thex mol% Fe–Mn–Zn–Ti–O series of solids
(b) Effect of H2O concentration and temperature on the H2S uptake (mmol/g)
for the 5 Fe–15 Mn–40 Zn–40 Ti–O solid in the 25–100◦C range. Adsorp-
tion conditions: 0.06% H2S/25% H2/7.5% CO2/x% H2O/He,x = 1, 3 vol%;
F = 30 NmL/min.

temperature H2S adsorption for the given H2S-containing gas
mixture studied[28].

3.2.5. Effect of H2O on the H2S uptake
3.2.5.1. 5 Fe–15 Mn–40 Zn–40 Ti–O solid Fig. 11a presents
the effect of 1 vol% H2O present in the adsorption gas mixtu
on the H2S uptake at 25◦C on the freshx% Fe–Mn–Zn–Ti–O
solids as a function of Fe content. In the absence of water,2S
uptake decreases with increasing Fe content from 5 to 10 m
whereas no further decrease is observed at the level of 15 m
Fe. In contrast, the presence of 1 vol% H2O in the feed stream
leads to 21% more H2S uptake for the solids containing 5 mol
Fe and 38% more H2S uptake for the solids containing 10 mol
Fe. However, for the solid with 15 mol% Fe content, the pr
ence of 1 vol% H2O leads to a significantly lower H2S uptake
(a 42% decrease).

The simplest reaction scheme consistent with these obs
tions is the following (the case of a MII O metal oxide):

H2S+ MO ⇔ MS + H2O, (3)

H2O + MO ⇔ M(OH)2, (4)

H2S+ M(OH)2 ⇔ MS + 2H2O. (5)

According to reactions(3)–(5), the presence of water can cau
hydroxylation of the oxidic surface and of the bulk of the o
ide (subsurface region). In the case of ZnO, the hydroxyla
surface resulted in higher rates for H2S adsorption and surfac
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diffusion of the derived species[45]. It was also reported[19]
that a water-promoted cation diffusion mechanism operate
the case of interaction of H2S (0.05–0.8% in N2) with ZnO at
45◦C facilitated the formation of ZnS.

Fig. 11b presents the effect of H2O feed concentration (1
3 vol%) on H2S uptake for the 5 Fe–15 Mn–40 Zn–40 Ti–
solid as a function of adsorption temperature. The presenc
1 vol% H2O in the feed results in lower H2S uptakes in the 75
100◦C range, where the beneficial effect of H2O in the sulfida-
tion process (promotion of the cation diffusion mechanism[5])
is significantly reduced. In contrast, at 25◦C, a 20% increase
in H2S uptake is observed due to the water-induced promo
of cation diffusion mechanism. It is likely that formation of
metal hydroxide shell to a greater extent at 75–100◦C than at
25◦C limits diffusion of HS− and S2− into the bulk of unre-
acted oxide, thus reducing the final H2S uptake.

Increasing the water feed concentration to the leve
3 vol%, produces a different profile for the H2S–temperature
relationship. In the 75–100◦C range, H2S uptake increases sig
nificantly with respect to the case of 1 vol% H2O in the feed
stream. But at 25◦C, the presence of 3 vol% H2O in the feed
leads to lower H2S uptake compared with the case of 1 vo
H2O. It seems that H2O promotes the cation diffusion mec
anism in the 75–100◦C range but not at 25◦C. These results
suggest a different mechanism of sulfidation propagation
increasing the water concentration in the feed stream. It is
posed that increasing the H2O feed concentration increas
the extent of surface hydroxylation. This different sulfidat
mechanism is also supported by the different profile of H2S up-
take versus adsorption temperature in the case of 1 and 3
H2O. In the case of 1 vol% H2O, H2S uptake decreases as t
temperature increases; the opposite is true in the case of 3
H2O. In both cases, a competitive adsorption of H2O and H2S
must be proposed, and the overall process of sulfidation s
to be kinetically controlled.

3.2.5.2. Comparison with a Ni-based commercial adsorbent
Fig. 12 presents comparative results of the effect of temp
ature on H2S uptake for the fresh sol–gel-prepared 5 Fe
Mn–40 Zn–40 Ti–O solid and the commercial Ni-based on
the presence of 1 vol% (Fig. 12a) and 3 vol% (Fig. 12b) water
in the feed stream. In the presence of 1 vol% H2O, the com-
mercial catalyst appears to be superior to the sol–gel-prep
mixed-metal oxide in the 25–100◦C range. For the commercia
adsorbent, H2S uptake increases by 141% with an increas
adsorption temperature from 25 to 100◦C. In contrast, a 28%
decrease in H2S uptake is observed in the 5 Fe–15 Mn–40 Z
40 Ti–O solid. In the case of 3 vol% H2O in the feed stream, th
sol–gel-prepared mixed-metal oxide is superior to the comm
cial one in the 25–75◦C range, but the commercial solid has
greater H2S uptake at 100◦C.

4. Conclusions

The following conclusions can be derived from the result
the present work:
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Fig. 12. Effect of 1 vol% H2O (a) and 3 vol% H2O (b) present in the adsorp
tion gas mixture on the H2S uptake (mmol/g) for the 5 Fe–15 Mn–40 Zn–4
Ti–O and Ni-based commercial solid adsorbents. Adsorption conditions: 0
H2S/25% H2/7.5% CO2/x% H2O/He,x = 1, 3 vol%;F = 30 NmL/min.

1. The molar ratio of Fe/Mn used in the sol–gel synthesi
Fe–Mn–Zn–Ti–O mixed-metal oxides largely determin
the morphology and the size of the solid particles form
The morphology of 5 Fe–15 Mn–40 Zn–40 Ti–O and
Fe–40 Zn–40 Ti–O solids drastically changes after tr
ment of the solid with 0.06% H2S/25% H2/7.5% CO2/He
gas mixture (sulfidation) followed by regeneration in 20
O2/He at 750◦C for 10 h.

2. The Fe/Mn molar ratio regulates the reducibility of F
Mn–Zn–Ti–O solids and possibly their reduction mec
nism by hydrogen.

3. Raman and Mössbauer studies reveal that the presen
Mn in the 5 Fe–15 Mn–40 Zn–40 Ti–O solid makes t
mixed oxide structures ((Mn,Zn)Fe2O4, ZnMnO3) more
susceptible to structural distortions during sulfidation a
regeneration procedures.

4. According to the XPS results, migration of Fe ions throu
inner (during sulfidation) and outer (during regenerati
layers of the solid particles of 5 Fe–15 Mn–40 Zn–40 Ti
is facilitated by the presence of Mn. A more detailed stu
for the intrinsic effect of Fe/Mn molar ratio on the catio
migration mechanism is needed.

5. The lower H2S uptake obtained on the 5 Fe–15 Mn–40 Z
40 Ti–O solid after regeneration compared with the fr
one is due in part to the presence of remaining sulf
(SO4

2−) and sulfides (S2−) in the lattice, the formation
of which is favored in the presence of Mn. The low
percentage regeneration is obtained after exposure o
fresh solids to the H2S-containing gas mixture at 25◦C and
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regenerated at 750◦C, whereas the highest percentage
generation is obtained when regeneration is conducte
500◦C.

6. The sol–gel-prepared 5 Fe–15 Mn–40 Zn–40 Ti–O s
shows a significantly greater (by a factor of 3.2) H2S uptake
than the commercial Ni-based adsorbent at an adsorp
temperature of 25◦C and similar uptake at 50◦C. However,
at 75 and 100◦C the commercial adsorbent exhibits grea
H2S uptake (by a factor of 2.2 and 1.9, respectively).

7. The presence of 1–3 vol% H2O in the 0.06% H2S/25% H2/
7.5% CO2/He gas mixture significantly enhances H2S up-
take at 25◦C for the 5 Fe–15 Mn–40 Zn–40 Ti–O soli
The presence of 3 vol% H2O seems to alter the sulfidatio
mechanism of the solid.

8. The fundamental knowledge derived from this study on
chemical interaction of H2S with the newly developed Fe
Mn–Zn–Ti–O mixed-metal oxide materials and also tha
air with the sulfated materials can be used to drive
ther investigations into these new, more environment
friendly materials for use in the important industrial c
alytic oxidation of H2S to elemental sulfur.
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