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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 remgSdtoifith gas
mixture containing 0.06 vol% 8, 25 vol% H, 7.5 vol% CQ, and 1-3 vol% HO was studied in the 25-10C range. In particular, the effects
of the Fe/Mn molar ratio in the Fe—Mn—Zn-Ti—O solids on theSHiptake and regeneration performance of the solids were studied. The nominal
chemical composition (metal mol%) of the Fe—Mn—Zn-Ti—O solids was found to strongly influence the chemical composition, particle size, at
morphology of the crystal phases formed. It was found that the 5 Fe—15 Mn—40 Zn—40 Ti—-O mixed-metal oxide provides thed8gimake as
fresh and after regeneration in 20%/8e gas mixture in the 500—73C€ range compared with the other solids investigated. It was also found that
5 Fe—15 Mn—-40 Zn-40 Ti—O exhibits highep$8l uptake than a commercial Ni-basegSHdsorbent in the 25-5C range. In particular, a three
times greater HS uptake at 283C compared with that on the commercial adsorbent was found. The effectiveness of the regeneration procedu
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 temperat
and regeneration conditions applied. A detailed characterization of the fresh, sulfided, and regenerated 5 Fe—15 Mn-40 Zn—40 Ti-O and 20
40 Zn-40 Ti—O solids, which exhibited the best and worsbtdptake performance, respectively, using BET, XRD, Raman, XPS, and Mdssbauer
techniques revealed important information on the sulfidation mechanism. The present work provides new fundamental knowledge that cc
trigger further research efforts toward the development of alternative mixed metal oxides not based on toxic chp@giedFE@D3/a-Al 203),
which is used today in several industrial plants for the catalytic oxidationy&f ¢€laus process).
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction >300°C. Among the most studied solid materials for the re-
moval of S from a “coal-gas” are Fe- and Ca-containing
The removal of HS from a gas stream can be accomplishedmaterials, because of their high reactivity and low d6ést].
by adsorption onto a solid surfad#,2], catalytic oxidation However, due to the fact that “coal-gas” contains a large frac-
[3-5], and absorption by a liquid solution (amine/alkaloamine)tion of H, and a high CO/C@ratio, these materials have some
[5]. Various solid materials have been developed to rem@& H drawbacks. For example, §®; is reduced to FeO and Fe,
from a number of industrial gas effluent streams. Most of theyhereas the formation of E€ reduces the sulfur uptake of the
work carried out to date on the development efSsolid ad-  solid [6-8]. Moreover, regenerating the sulfided Ca-containing
sorbents has been focused on materials suitable at temperatuggqs is very difficult. Lew et al[9] have shown that ZnO is
more attractive than iron oxide because of its more favorable
" Corresponding author. Fax: +357 22 892801. sulfidation thermodynamics. On the other hand, ZnO has much
E-mail address: efstath@ucy.ac.cfA.M. Efstathiou). slower sulfidation kinetics than iron oxide. A major limitation
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of ZnO-based adsorbents for hot-gas cleaning is their loss due-Al,03-supported iron and chromium oxidg9,30] Contin-
to reduction of ZnO to volatile elemental zinc. uing research is being conducted into the development of new
Mixed metal oxides, such as Cu—-Mn-0, Cu-Fe—-0, Cu—Mo-materials for this important catalytic reaction, excluding the use
0O, Zn-V-0, Zn-Ti-O, Zn-Fe-Ti-0O, and Zn-Fe-V-0, haveof Cr,O3 because of its severe toxicity. Despite numerous in-
been studied as 4% adsorbent materia[$0—-13] Their reac-  vestigations into the mechanism of this reaction over different
tivity and regeneration ability are improved when deposited ormetal oxide$31,32] a detailed mechanism based on which fur-
a suitable support. ZnE®4 mixed-metal oxide was also found ther significant catalyst developments would be expected has
to be a good HS adsorbent in the 500-70Q range[14,15]. not yet been established. The selection of a better catalyst for
Kobayashi et al[16,17] studied zinc ferrite—silicon dioxide the Claus reaction is still based on a modification of the sur-
composites as high-temperature fuel gas desulfurization adsdface acid/base properties of mixed-metal oxif&%33] Li et
bents. Sulfidation of zinc ferrite in the reducing environmental. [34] reported that Fe—Sb—O and Fe—Sn—O mixed-metal ox-
yielded wurtzite, zinc blende, and iron sulfides in the presenc&les are good b oxidation to sulfur catalysts. The catalytic
of 500 ppm of BS. properties of these materials change significantly with their
Little research work has been carried out on the developmerfomposition.
and characterization of solid materials for low-temperature re- Based on the work mentioned in the previous paragraph,
moval of HS [18-28] Carnes and Klabundf?] studied  the results of the present work, which relate to the chemisorp-
nanocrystalline metal oxides prepared by sol-gel methods. Aton and bulk chemical reaction ofJ3 with new Fe—-Mn—Zn—
low temperatures (25-10C), the activity order was Zn@  Ti-O mixed metal oxides and also to the oxidation (use of
CaO> Al203 > MgO. Davidson et al19] reported on the ad-  air) of the latter sulfated solids, could trigger further research
sorption of BS on ZnO in the 25-45C range, where about into Fe—Mn—Zn-Ti-O mixed-metal oxides as important cat-
40% conversion of biS was observed. Sasaoka e8] stud-  alytic materials for the oxidation of 45 to elemental sulfur.
ied the adsorption of p5 on ZnO in the presence of CO, €O The present work was motivated by a European prdRsitin
and KO and found that CO inhibits sulfidation reaction due towhich the gas effluent stream from a bioreactor used to reduce
its competitive adsorption with & for the same active sites, toxic C/5* present in waters into €t after using the sulfate

whereas HO inhibits the reaction due to promotion of the re- metal-reducing bacteria (SMRB) had to be treated to remove
action with ZnS to form IjS and ZnO. Baird et a[24] have the nondesirable t-s gas evolved.

found that mineral feroxyhyte is an efficient adsorbent g6H
at room temperature due to its high surface area and the pr
ence of the F&'/Fet redox couple. In another study, Baird
et al. [18] found that reaction of b5 with ZnO doped with . ) )
first-row transition metals was restricted to about 0.6 surfacg'l' Synthesis of HaS solid adsorbent materials
monolayers. The main role of the transition metal oxide was to
increase the total surface area available for reaction witg.H A series of Fe-Mn—Zn-Ti-O mixed-metal oxides were
Baird et al.[25] studied Co—Zn—Al-O mixed-metal oxides as Prepared by the sol-gel methof86] using Fe(N@)s,
H,S adsorbents at 2&. A comparison of HS uptake with (CH3COO)RMn, (CH3COO)Zn, and Ti(i-OPr) (Aldrich) as
Co—Zn-0 uptake suggested that the presence of aluminum joRéecursors of Fe, Mn, Zn and Ti, respectively. Appropriate
in the mixed-oxide matrix gave rise to an increased surface are@mounts of each reagent were used to obtain a-(He)/(Fe+
but not to S uptake. Other b5 adsorbent materials that have Mn + Zn + Ti) molar ratio of 0.2 and Fe/Mn molar ratios of
been investigated include activated carbf@ts27] the surface  15/5, 10/10, and 5/15 in the final product. An 20 Fe-40 Zn—
acid chemistry of which has been shown to play an importanfO Ti—O solid composition was also prepared. An appropriate
role. amount of (CHCOO)Zn was dissolved in b, and the pH
The present work concerns the development of novel Feof the resulting solution was adjusted in the 8.5-9.4 range by
Mn—Zn-Ti—O mixed-metal oxides prepared by sol-gel methodglropwise addition of ammonia solution (25% v/v). Appropriate
and tested for the first time toward low-temperature removal ofBmounts of iron nitrate, manganese acetate, and titanium iso-
H,S from a gas mixture containingHCO,, and HO. The fol-  propoxide solutions were then added, with the pH kept within
lowing parameters have been investigated with respect to theihe same range, until the formation of a brown gel-like prod-
effects on the HS uptake performance of the solids investi- uct was noted. This product was then dried at CGvernight
gated: mixed-metal oxide composition, adsorption temperaturd the presence of air. The dried powders were finally calcined
temperature of adsorbent regeneration in 204#H@, time of  in air at 100°C for 1.5 h, at 150C for 1.5 h, at 200C for
regeneration in 20% £He, and presence of water in the feed 2.5 h, and finally at 500C for 4 h before storage and fur-
stream. A commercial Ni-based catalyst was also investigatetier use.
for a critical comparison. A detailed characterization of some A second series of Fe—Mn—Zn-Ti—-O mixed-metal oxides
of the fresh, sulfided, and regenerated Fe—Mn-Zn—Ti—O solid&ere synthesized by means of co-hydrolysis of iron nitrate,
using BET, XRD, Raman, XPS, and Mdssbauer techniques hasanganese acetate, zinc acetate, and titanium isopropoxide.
revealed important information on the sulfidation mechanism. Appropriate amounts of each reagent were used so as to yield a
The selective catalytic oxidation of 43 to elemental sul- (Fe+ Mn)/(Fe+ Mn + Zn+ Ti) molar ratio of 0.1 in the final
fur (Claus reaction) is an industrial practice that makes use gbroduct, with Fe/Mn molar ratios of 7/3 and 5/5.

€5 Experimental
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2.2. Characterization of HoS solid adsorbent materials (umol/(g min)) versus temperature was estimated. The redox
behavior of the 5 Fe—15 Mn-40 Zn-40 Ti—O solid was also
2.2.1. Surface area measurements studied under three consecutive TPR runs.

The specific surface area (BET?2py) of solid adsorbents
was checked by Nadsorption at 77 K (Micromeritics 2100E 2.2.7. Temperature-programmed desorption studies
Accusorb). Before any measurements were taken, the samples Temperature-programmed desorption (TPD) of N&hd
were outgassed at 40CQ under vacuumkf ~ 1.3x 10-3mbar)  CO, experiments were conducted to study the surface acid-
overnight. The BET areas of freshp8 adsorbents, as well as ity and basicity, respectively, of the 28 solid adsorbents.
those after adsorption from aB/H,/CO,/He gas mixture and The amount of sample used was 0.2 g, the heating rate was
regeneration in 20% £He gas mixture at 500 or 75C, were  30°C/min, and the He gas flow rate was 30 Nymhin. The

also measured. mass numbergn/z) 15, 30, and 44 were used for NHNO,
and NO, respectively (NF-TPD), and 28 and 44 were used
2.2.2. XRD analyses for CO and CQ, respectively (C@-TPD). Ammonia and car-
The crystal structure of the sol-gel-prepared solids was studson dioxide chemisorption was conducted at room temperature.
ied by XRD (Shimazdu 6000 Series, Cy-Kadiation ¢ = Before NH; and CQ chemisorption occurred, all samples were

1.5418 A)). The crystal structures of the solid adsorbents wittpretreated in a 20% £He gas mixture at 500C for 2 h. NHs-
the best and worst performance towargHemoval were also TPD and CQ-TPD experiments were also conducted after ad-
determined after sulfidation and regeneration conditions. sorption of BS from a BS/H/CO,/He gas mixture and after
regeneration of the sulfided solid.

2.2.3. SEM studies

The particle size and morphology of the solids (fresh, af-2.2.8. Mossbauer studies
ter exposure to sulfidation and regeneration conditions) were Modssbauer measurements were carried out with a con-
examined through a JEOL JSM 5200 scanning electron micro¢ventional constant acceleration spectrometer equipped with a
scope (25 kV). Powdered specimens were spread on the SEMCo(Rh) source (calibrated with-Fe). Isomer shift values are

slabs and sputtered with gold. reported relative to this. The spectra recorded at ambient tem-
perature were fitted by a least squares minimization procedure
2.2.4. Raman studies assuming Lorentzian line shapes.

Raman spectra were recorded with a Renishaw 1000 spec-
trophotometer equipped with a cooled{3°C) CCD detector 2.2.9. Transient HoSuptake studies
and a holographic Notch filter to remove the elastic scattering. The gas flow system for conducting transient adsorption
Samples were excited with a 514-nm Ar line. Spectra acquief H>S experiments, the microreactor, and the analysis sys-
sition consisted of 5 scans of 60-s duration. All samples werégem have been described elsewh{8€]. H,S uptake of the
pretreated in dry air at 25@ (100 NmL/min, 30 min) inanin  solids was determined by transient isothermal adsorption from
situ cell (Linkam, TS-1500) before the spectra were recorded a 0.06% HS/7.5% CQ/25% Hy/He gas mixture at 25-10C.

200°C under dry air flow. Before adsorption, the catalyst was pretreated in 2Q%1©at
500°C for 2 h, then purged in He at 50C for 30 min. The
2.2.5. X-Ray photoelectron spectroscopy studies reactor was then cooled in He to the adsorption temperature.

The surface chemical composition (at%) of certaipSH The amount of solid adsorbent used was 5 mg diluted in 45 mg
solid adsorbents (fresh, after sulfidation and regeneration) wasf SiOy, whereas the total flow rate was 30 Nyimhin. Chem-
studied by X-ray photoelectron spectroscopy (XPS). The sanieal analysis of the gas effluent stream of the reactor during
ple in powder form was pressed firmly into a carved stain-transient adsorption was done with an on-line quadrupole mass
less steel holder so that it could be introduced into the ultraspectrometer (Omnistar, Balzers) equipped with a fast-response
high-vacuum (UHV) chamber. The UHV system (base pressuralet capillary/leak valve (SVI 050, Balzers) and data acquisi-
8 x 10710 mbar) consisted of a fast entry assembly and theion systems. The mass numbens/z) 34, 64, 44, 18, and 32
preparation and analyses chambers. The latter was equippeatre used for KIS, SGQ, CO,, H20, and Q, respectively.
with a hemispherical analyzer (SPECS LH-10) and a twin-
anode X-ray gun. 3. Resultsand discussion

2.2.6. Hy temperature-programmed reduction studies 3.1. Catalyst characterization

H> temperature-programmed reduction (TPR) experiments
were conducted by passing a 2%»/He gas mixture 3.1.1. BET surface area measurements
(30 NmL/min) over 0.2 g of the precalcined solid at a tem-  For the fresh Fe—Mn—-zZn—Ti—O series (F&In = 20 mol%)
perature ramp of 38C/min. The hydrogen concentration as a of mixed-metal oxides, the BET surface area was found to de-
function of temperature was monitored using an on line massrease with increasing Fe content in the solidie 1. A 47%
spectrometer (Omnistar, Balzers). The mass numberg) decrease in the BET area of the 5 Fe—15 Mn-40 Zn—40 Ti-O
2, 18, and 32 were used for,HH20, and Q, respectively. solid was found after sulfidation at 28 and regeneration at
Based on material balances, the rate of hydrogen consumptid@0°C. The surface area of the 20 Fe-40 Zn-40 Ti—O solid
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(A) 5Fe-15Mn-40Zn-40Ti-O
Table 1
BET surface areas (fig) of various mixed metal oxides obtained after differ- ¢
ent gas treatments 4

—_~
~

? o |
Mixed metal BET (m?/g) N 4 (b)
; z iy
oxide Fresi Used Z
5 Fe-15 Mn—40 Zn-40 Ti-O 107 560 =
10 Fe-10 Mn-40 Zn—-40 Ti-O K 390 =
15 Fe-5 Mn—40 Zn-40 Ti-O 4B 250
20 Fe—-40 Zn-40 Ti-O I 21
5 Fe-5 Mn—-45 Zn-45 Ti-O 148 720
7 Fe—=3 Mn-45 Zn-45 Ti-O 11@ 600
2 theta
& After calcination in 20% @/He at 500°C for 4 h.
b After sulfidation (0.06% HS/25% H/7.5% CQ/He) at 25°C for 0.5 h (B) 5Fe-15Mn-40Zn-40Ti-O

followed by regeneration in 20%4IHe at 500°C for 4 h. W
Q)

(1.7 n?/g) was slightly increased after sulfidation but still re-
mained at the same low level compared with that of the fresh
solid. The BET surface area of the solids with a total content

of 10 mol% (Fe+ Mn) was greater than that of the solids with 3'4 3'6 3’8
a total content of 20 mol%. This is due to the higher concen- 2 theta
tration of Zrf™ used in the former solids. It has been reported
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[38] that the smaller Z#1™ cation (in comparison with the larger QWMM
Mn2+ one) causes shrinkage of the Mn—Zn ferrite oxide lattice, iww,,«w}
leading to increased BET surface area. Akyurtlu and Akyurtlu ‘g

[39] reported the synthesis of zinc ferrite (25.8 wt% Zn and EMW

44 wt% Fe) with a BET area of 3.64yg after calcination at
600°C. Vanadium-doped zinc ferrites also exhibited low BET
surface areas (1.0-3.02tg) [33]. Kim et al. [40] reported the
synthesis of Ni-doped zinc ferrites with a BET surface area ofig. 1. (A) XRD patterns of 5 Fe—15 Mn—40 Zn—40 Ti-O solid. (a) Fresh
77.6 m?/g Baldi et al [41] reported the synthesis of Fe—Mn-O (calcined in 20% @/He, 500°C, 4 h); (b) after sulfidation (bS/Hy/COo/He,
mixed-metal oxides (50:50 ratio of F®3:Mn,03) with a BET 100°C, 0.5 h); (c) after sulfidation followed by regeneration (20%/®,
11 rA/a. Table 1qi h £ f albSisolid 750°C, 10 h). (B) @ XRD peak shifts in the 32-66> 20 range. XRD peaks:
areao /9. Ta e g|_vest e surface areas of alp 8 soli (1) (Mn,Zn)F&0y; (2) ZnMnOs: (3) ZnTiOs: (4) ZnS: (5) MnS.
adsorbents synthesized in the present work (fresh) and those af-

ter used in HS adsorption and regeneration studies.
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oxidic phases of the industrially used catalysts, are important to
the understanding of this catalytic chemistry mechanism.
3.1.2. X-Ray diffraction studies After regeneration at 750C for 10 h §ig. 1A(c)), the XRD

Fig. 1A(a) shows XRD patterns of the 5 Fe—15 Mn—-40 peaks at 28 9and 48.2 that correspond to ZnS disappear, and
Zn-40 Ti—O solid (fresh) after calcination at 500 (see Sec- a new peak assigned to &3 appears (peak Fig. 1A(c)).
tion 2.1). The main crystalline phases detected wereThese results indicate the efficiency of the regeneration proce-
(Mn,Zn)Fe04 (1), ZnMnG; (2), and ZnTiQ (3), according dure applied for the particular solid composition. Comparing
to ASTM data. After exposure to theB/Hp/COy/He gas mix-  the intensity of the peak at 43.5peak 2, ZnMn@) in the
ture at 100C for 0.5 h Fig. 1A(b)), the solid exhibits broader three XRD patterns dfig. 1A demonstrates that the particular
diffraction peaks with lower intensities compared with those ofpeak intensity progressively diminishes from the fresh sample
the fresh solid. XRD peak broadening is due to a decrease of thte the sulfided sample and completely vanishes in the regener-
crystalline long-range order and is associated with decreasingted sample.
crystalline domain size and/or accumulated stfaRj. A new XRD studies were also conducted over the 20 Fe-40 Zn-
peak of low intensity appears at 28#nd 47.9 and is assigned 40 Ti-O solid as freshFig. 2a), after exposure to theaS/H,/
to ZnS (peak 4Fig. 1A(b)). The solid after sulfidation shows CO./He gas mixture at 100C for 0.5 h Fig. 2b), and after
diffraction peaks shifted to lowers2angles compared with the regeneration at 500C for 4 h (Fig. 2c). The main crystalline
fresh solid. For example, as shownkhiyg. 1B, the XRD peaks phases detected in the fresh solid were Z@ze(1) TiO; (2),
at 36 and 62.7 (20) in the fresh sample shift to 38.5and  ZnTiO3 (3), and FeOs (5). In the case of regenerated sample
62.3, respectively, after sulfidation. This shift is another proof(Fig. 2c), two new peaks appeared (at 2 14.1° and 16.9)
of the structural changes occurred during the applied sulfidatiodue to the presence of H&O,)3 (peak 6). The presence of
conditions. It has been reportgtB] that metal sulfides forma- iron sulfate in the regenerated samples of the Fe—Mn—-Zn—-Ti—O
tion and their effect on the oxidation of8 to elemental sulfur series of solids was also detected by XPS studies. No character-
(Claus industrial process), along with structural changes in thestic peaks of MnS, FeS, and ZnS were noticed. The differences
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20Fe-40Zn-40Ti-O

Intensity (a.u)

10 30 50 70 90
2 theta
Fig. 2. XRD patterns of 20 Fe—40 Zn—40 Ti-O solid. (a) Fresh (calcined in 20% 10pm

Oo/He, 500°C, 4 h); (b) after sulfidation (biS/Hy/COy/He, 100°C, 0.5 h);
(c) after sulfidation followed by regeneration (20%/8e, 750°C, 10 h). XRD
peaks: (1) ZnFgOy; (2) TiOz; (3) ZnTiOg; (5) F&O3; (6) Fe(Sy)s.

Table 2
XRD crystalline phases of various)8 solid adsorbents prepared by the sol—gel
method

Solid adsorbest Crystalline phases
5 Fe—15 Mn—40 Zn-40 Ti-O ZnMn§) ZnTiO3, (Mn,Zn)Fe04
10 Fe—10 Mn—-40 Zn-40 Ti-O ZnMnZnTiOg, (Mn,Zn)Fe04
15 Fe-5 Mn—40 Zn-40 Ti-O ZnMn§) ZnTiO3, (Mn,Zn)FeO04
20 Fe—40 Zn-40 Ti-O ZnTiQ) ZnFe 0y, Fe O3, TiOy
5 Fe-5 Mn-45 Zn-45 Ti-O ZnMng) ZnTiOg, (Mn,Zn)Fe 04
7 Fe-3 Mn—45 Zn-45 Ti-O ZnMn§) ZnTiO3, (Mn,Zn)Fe 04 L8
§

& The solids were calcined in 20%y@MHe at 500°C for 4 h before XRD |4

measurements were taken. 10pm

in 20 (XRD peaks) among fresh, Sulfided’ and regenerated Sanlfig. 3. SEM-photographs of the 5 Fe—15 Mn-40 Zn-40 Ti—O solid. (a) Fresh
. i ; alcined in 20% G/He, 500°C, 4 h); (b) after sulfidation (biS/Hy/COy/He at

ples for the 20 Fe—40 Zn-40 '_I'| 0) so!|d were smaller than thos 00°C, 0.5 h) followed by regeneration (20%®le, 750°C. 10 h).

for 5 Fe—15 Mn—40 Zn—40 Ti-O. This result suggests a minor

influence of the gas applied treatments on the structural changes . ) L
in 20 Fe—40 Zn—40 Ti-O solidable 2lists the main crystalline Particles), in accordance with its low BET surface area [see

phases detected in all fresh solid adsorbents tested - ble 1). The aggregation of the particles is a result of grain fusion
take efficiency. in the solid[46]. This suggestion is supported by the XPS re-

sults, which showed metal cation migration to inner and outer
3.1.3. SEM studies layers during sulfidation and regeneration (see Se@&ibrg).

Fig. 3 presents SEM micrographs of the 5 Fe-15 Mn-
40 Zn-40 Ti-O fresh solidRig. 3a) and after sulfidation 3.1.4. Ho-TPRstudies
(H2S/H/COy/He, 100°C, 0.5 h) followed by regeneration  Fig. 4a presents W TPR traces obtained with the Fe—Mn-—
(20% O/He, 750°C, 10 h) Fig. 3b). These photographs Zn-Ti—O series of solids. The 5 Fe-15 Mn—40 Zn-40 Ti-O
demonstrate a drastic change in the texture and morphologgplid shows a TPR trace characterized by a broad but sym-
of the solid after sulfidation and regeneration. The large poré&etrical peak in the 275-80C range. As the amount of Fe
network in the fresh 5 Fe—15 Mn—40 Zn—40 Ti—O solid is evi-in the solid increases, the;HIPR trace becomes broader and
dent, in agreement with its relatively high BET vald@ble ).  consists of a number of peaks. Thus, introducing more Fe
The solid after sulfidation and regeneration consists of large agons (Fé*/Fe*") in the oxide lattice of Fe—-Mn—Zn—Ti—O in-
gregates of different sizes (2.5-9.0 yRiy. 20). This resultis  creases the amount of reducible oxygen species, reducing the
in harmony with the drastic decrease in the BET area of thétrength of the M—O—NMbonds. The maximum reduction rate
solid after sulfidation and regeneratidrable 1 Section3.1.1). (140 pmoJ(g min)) observed for the 20 Fe—40 Zn-40 Ti-O
Novochinskii et al.[44] reported that in flat or flake crystal solid is the lowest obtained in the oxides (185 ppfgimin)
morphologies, the external mass transfer limitations during adfor the 5 Fe-15 Mn-40 Zn-40 Ti-O and 210 prt{(glmin)
sorption are much smaller than those encountered with cubder the remaining two solids). At 75, the reduction rate
or prisms, supporting the view that sulfidation is dependent of 5 Fe-15 Mn—-40 Zn—40 Ti-O and 10 Fe-10 Mn—40 Zn—40
particle morphology45]. The texture of the 20 Fe—40 Zn-40 Ti—O solids approaches zero, whereas that of 15 Fe-5 Mn-
Ti—O solid was largely different than that of the 5 Fe—15 Mn—40 Zn—40 Ti-O exhibits its highest value (210 pg(glmin)).
40 Zn—40 Ti—O solid. The former consisted of aggregates (largBy integrating the K-TPR traces, the amount of,;Htonsump-
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Fig. 4. (a) Hydrogen temperature-programmed reductiop-TAR) profiles
obtained over the fresh Fe—Mn-Zn-Ti-O series of solids. (§)TRR pro-

the 200-525C range with a shoulder in the low-temperature
range, while the second narrow one in the 525-670ange.
These peaks reflect the reduction of oxygen species in the main
crystalline phases of the solid (ZnTi0ZnFeQ4, TiO2, and
FeOs; Table 2. According to our previous studig®8], a
minor part of the low-temperature TPR peak was assigned to
the reduction of ZnTi@, whereas the major part of it was at-
tributed to the reduction of Znk®, [47,48] In the presence

of Hy, zinc ferrites decompose into ZnO anc,Bs, and ferric
oxide is further reduced to metallic irgd9]. The reduction
profile of FeO3 has been reported to present two peaks, at
327 and 527C, corresponding to the reduction processes of
FeOs; - Fes0O4 and FgO4 — Fe[50], respectively; the high
temperature peak reflects the reduction offF® F&. Ho-TPR
studies conducted on Tg&ingle-metal oxide also prepared by
the sol-gel method showed that the-HPR trace consists of

a symmetrical peakTy = 660°C) with a maximum reduc-
tion rate of 30 pumol KH/(g min). According to these results, a
small contribution of TiQ reduction cannot be excluded from
the TPR trace of 20 Fe—40 Zn—-40 Ti-O solid. 4a).

The reduction profile of 5 Fe-15 Mn-40 Zn-40 Ti—-O
solid is related to the reduction of (Mn,Zn)MBOZnFe Oy,
and ZnTiQ (the main crystalline phases according to XRD
studies). The reduction process of ZnMn@ a stepwise
process[51]: ZnMnO3 — ZnMnQOy 5 (327°C) — ZnO +
Mn,03 (527°C) — MnO — Mn. The different size of the oxy-
gen “pools” reduced, as reflected by the broadness of areas Il
and lll, can be assigned to the different Fe/Mn ratios and the
interaction of Fe and Mn cations, which regulate not only the
percentage of each in the aforementioned crystal phases, but
also the reduction mechanism of the oxides (shrinking core vs.
nucleation model), as reflected by the different shapes of the
TPR trace$51,52]

The redox behavior of the 5 Fe—15 Mn—40 Zn—40 Ti—O solid
for three consecutive TPR runs is presentedrign. 4b. After
calcination in 20% @/He at 500°C for 2 h, a B-TPR run was
made; this is termed a redox cycle. A lower maximum reduction
rate (140 umal(g min)) is obtained during the second redox
cycle compared with the first cycle (190 pnig min)). In con-
trast, the TPR trace of the third redox cycle is very similar to
that of second redox cycle. The amount of hydrogen consumed
is 1794 umol H/g for the first redox cycle, 829 umolJAg
for the second cycle, and 850 pumo H for the third cycle.
During the first and second redox cycles, structural changes oc-

files obtained on 5 Fe-15 Mn—40 Zn-40 Ti-O solid during three consecutive. ,red in the solid that influenced the strength of the M—O-M

oxidation/reduction cycles: 20%gHe (500°C, 2 h)— 2% Hp/He (TPR), re-
peat cycle. (c) H-TPR profiles obtained over the regenerated 5 Fe—15 Mn

_4goonds in the various metal oxide lattices present. It appears that

Zn—40 Ti-O, 15 Fe-5 Mn—40 Zn—40 Ti-O and 20 Fe—40 Zn—40 Ti-O solids [h€se structural changes become permanent after the second re-

FH,/He = 50 NmL/min; g = 30°C/min; W = 0.2 g. Regeneration conditions:
20% Oy/He, 500°C, 10 h.

dox cycle.
Fig. 4c presents BFTPR traces obtained over the 5 Fe-15
Mn-40 Zn—40 Ti-O, 15 Fe-5 Mn—-40 Zn—40 Ti-O, and 20 Fe—

tion and equivalent reducible lattice oxygen can be estimatedl0 Zn—40 Ti—O solids after exposure to theSMH,/CO,/He

This value was found to be 1794 umo)@®for 5 Fe—15 Mn—
40 Zn—40 Ti—0, 2307 pmol @ for 10 Fe-10 Mn—40 Zn-

gas mixture at 100C for 0.5 h followed by regeneration at
500°C for 10 h. The 15 Fe-5 Mn-40 Zn-40 Ti—O solid presents

40 Ti-0, 4469 umol @g for 15 Fe-5 Mn—40 Zn—-40 Ti-O, and a broad reduction peak, in the 380-8@range, whereas the

1078 pmol Qg for 20 Fe—40 Zn—40 Ti-O solid.

5 Fe-15 Mn—-40 Zn-40 Ti—O solid has a narrower peak, in the

In the 20 Fe—40 Zn—40 Ti-O solid, two not well-resolved 400-75CC range. The 20 Fe—40 Zn—40 Ti—O solid presents a
reduction peaks appeaFif. 4a). The first peak appears in reduction peak starting at a higher temperature (430 The
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amount of reducible lattice oxygen is 1914 pumoglgofor the  Zn—40 Ti—O and 20 Fe—40 Zn—-40 Ti-O solids preserve 9.6 and
5 Fe—15 Mn—40 Zn—40 Ti-O solid, 2103 pmo}@for the 15 7.8 at% S on their surface, respectively (mainly ag30The
Fe-5 Mn-40 Zn—-40 Ti-O solid, and 1311 pmo}fd@for the increase in reducible oxygen could also be due to sulfate reduc-
20 Fe—40 Zn-40 Ti—O solid. Comparing the result§igfs. 4a  tion [53].
and 4cshows that the amount of reducible oxygen increases by Comparing the nominal Fe/Mn ratios with those revealed by
6.7 and 22% after sulfidation and regeneration of the 5 Fe—1XPS studies for the 5 Fe—15 Mn—40 Zn—40 Ti-O and 15 Fe-5
Mn-40 Zn-40 Ti—O and 20 Fe—40 Zn—40 Ti—O solids, respecMn—40 Zn-40 Ti—O solids demonstrates that the former solid
tively. In contrast, a significant decrease (by 53%) in the amounpresents a surface enriched in Fe, whereas the latter solid has
of reducible oxygen is observed for the 15 Fe-5 Mn-40 Zn-a surface enriched in Mn. The various Mn oxidation states fa-
40 Ti—O solid. Because the BET surface area of the 20 Fe—4@litate lattice oxygen reduction, and thus a larger amount of
Zn—-40 Ti—O solid is low and remains so after sulfidation and rereducible oxygen is expected, as indeed was obtained (TPR
generation, the major part of the reducible oxygen correspondsaces). Another important result from the TPR traceBigf 4
to that in the bulk of the solid. But the 5 Fe—15 Mn-40 Zn—is that besides the fact that two or more phases are present in
40 Ti-O solid preserves a major part of its surface area aftedll of the Fe—-Mn-Zn-Ti—O solids (see the XRD and Raman re-
sulfidation and regeneration, so the TPR trace reflects both thuilts), only one TPR peak is obtained, suggesting that reduction
reduction of surface (low temperature range) and bulk (highof the various crystalline phases occurs with essentially similar
temperature range) oxygen. According to the XPS results (Seeactivation energy valuei$1,52] Table 3reports the amounts
tion 3.1.6, after regeneration at 50C, the 5 Fe—15 Mn-40 of lattice oxygen reduced in the 25780 range Fig. 4) as a
function of Fe—Mn-Zn-Ti—O solid compaosition.

Table 3

Amounts of H, consumed or lattice oxygen reduced (upglduring TPRex-  3.1.5. Surface acidity and basicity studies—correlation with

periments H,S uptake

Solid composition Amount of lattice Table 4 reports comparative results of acidity measure-
oxygen reduced (umpg)  ments (NR-TPD) performed on the Fe-Mn—Zn-Ti—-O series

5 Fe—15 Mn—40 Zn—40 Ti-O 1784 of solids as fresh (calcined at 500 for 4 h), after expo-
829 sure to the adsorption mixture of,B/Hy/CO./He at 25°C
850° for 0.5 h, and after regeneration in 20%/8e at 500C
1914.8 for 4 h after sulfidation. In fresh solids, surface acidity de-

10 Fe_s Mn—40 240 T0 2367 creases with increasing Fe/Mn molar ratio. This _result agrees

with the decreased Mn at% surface concentration found on

15 Fe-5 Mn—40 Zn-40 Ti-O 446%.9 XPS (see SectioB.1.6, where M+ behaves as a stronger
1337 Lewis acid site. The same conclusion could be drawn by com-
135¢ paring the NH uptakes of the fresh 5 Fe-15 Mn-40 Zn-40
2108 Ti-O (525 pmol NH/g) and 5 Fe-5 Mn-45 Zn-45 Ti-O

20 Fe—40 Zn-40 Ti-O 10765 (338 umol NH/g) solids, where the surface acidity is due
1310 mainly to the Mn-containing species (ZnMg@nd Mn—Zn fer-

rite) [51]. In the crystalline phase of ZnMnthe presence of

aR i Icination at 2h. . . . . .
eduction was conducted after calcination at 50or Zn?*t and Mrf cations with a different charge/radii (q/r) ratio

b 2nd TPR conducted affér

¢ 3rd TPR conducted aftdr leads to the formation of acid sites of varying strengig. We
d TPR conducted after sulfidation $8/H,/CO,/He) at 100°C for 0.5 hfol-  can draw the same conclusion by comparing the surface acid-
lowed by regeneration at 50€ for 10 h. ity of 5 Fe-5 Mn—45 Zn—-45 Ti—O and 7 Fe-3 Mn-45 Zn-45
Table 4
NH3 and CQ uptakes measured during TPD experiments on Fe—Mn-Zn-Ti—O mixed metal oxides prepared by the sol-gel method
Solid composition Uptake (umyd)
Fresi After sulfidatior? After regeneratioh
NH3 coy NH3 CcOo, NH3 coy
5 Fe-15 Mn-40 Zn-40 Ti-O 525 B 160 5.0 73 4.0
10 Fe-10 Mn—40 Zn-40 Ti-O 249 212 - - - -
15 Fe-5 Mn—40 Zn—-40 Ti-O 145 Bl 279 4.0 213 4.0
20 Fe—40 Zn-40 Ti-O 112 .6 166 4.0 156 4.0
5 Fe-5 Mn-45 Zn-45 Ti-O 338 9
7 Fe—3 Mn-45 Zn-45 Ti-O 295 1%

2 The solid was calcined in 20%#MHe at 500°C for 4 h.
P The solid was treated in 0.06%8/25% H/7.5% CQ/He gas mixture at 25C for 0.5 h.
¢ The solid was treated in 0.06%58/25% H/7.5% CQ/He gas mixture followed by regeneration with 20%/Be at 500°C for 4 h.
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Ti—O solids; decreasing the Mn mol% by 2 percentage unitbonded HS. Travert et al[55] studied the adsorption of 4%
decreases the NHiptake by 13%. For the 5 Fe—15 Mn—40 Zn—- on SiQ, Al203, TiO2, and ZrQ by infrared (IR) spectroscopy
40 Ti—0O, 10 Fe-10 Mn—40 Zn-40 Ti-O, and 15 Fe-5 Mn-using CO as a probe molecule. They reported that the decrease
40 Zn-40 Ti—O solids, the surface atomic concentration ofn Lewis acidity was due to the occupation of acidic sites by
Mn decreases (see SectiBrl.g, as does the surface acidity both the adsorbed4$ and the intermediate products of its dis-
(Table 4. sociation. An increased number of Bronsted acid sites, as well
After sulfidation, the surface acidity of the solids varies ac-as modification of their strength, was also observed. As dis-
cording to the Fe/Mn surface molar ratio. For example, thecussed earlier, the fresh solid with 20 mol% Fe exhibits the
surface acidity drops significantly (by 70%) for the 5 Fe—15lowest concentration of acid sites after sulfidation and the low-
Mn-40 Zn—40 Ti-O solid, whereas it increases by 92% for theest S uptake (see Sectidh?), but demonstrates the strongest
15 Fe-5 Mn—-40 Zn—40 Ti—O solid and by 48% for the 20 Fe—40M-O-M’" bonds (see SectioB.1.4. These results can be ex-
Zn—-40 Ti—0O solid. After sulfidation followed by regeneration, plained by considering that the pathways of oxygen exchange
the surface acidity of 5 Fe—15 Mn-40 Zn-40 Ti-O, 15 Fe—for sulfur and/or HS dissociation are not the main paths for the
5 Mn-40 Zn-40 Ti-O, and 20 Fe-40 Zn-40 Ti—O solids issulfidation mechanism over the 20 Fe—40 Zn—-40 Ti—O solid. It
reduced based on the Fe/Mn molar rafial§le 4. The reduced is suggested that a dissociative coordination gStn Lewis
acidity of the regenerated 5 Fe—15 Mn-40 Zn-40 Ti—O solidacid sites is favored instead. The products eSHadsorption
can be explained as follows. The Fe/Mn surface molar ratio i¢ead to increased Bronsted acidity. The acidity of the 20 Fe—40
practically the same in both the fresh and the sulfided states @h—40 Ti—O solid after sulfidation is 1.5 times higher than that
the solid (0.40 vs. 0.38; see Sectidrl.g. After regeneration, of the fresh sample. In contrast, an associative coordination of
the surface acidity drops significantly, possibly due to extensivél>,S on Lewis acid sites is favored over the 5 Fe—15 Mn—-40
surface reconstruction. The latter is identified by the increasedn—40 Ti-O solid.
S at% surface composition measured after regeneration, a ki-
netically limited process that leads to S migration from the bulk3.1.6. X-Ray photoelectron spectroscopy studies
to the surface. On the other hand, the surface basicity of the Table 5Sreports the surface metal and sulfur at% composition
5 Fe-15 Mn-40 Zn-40 Ti—O solid remains practically constanof the Fe—Mn-Zn-Ti—-O LIS solid adsorbents after exposure to
after sulfidation and decreases by 20% only after regeneratiadifferent gas atmospheres. The 5 Fe-15 Mn-40 Zn-40 Ti-O
(Table 4. solid shows decreases in Fe, Mn, and Zn surface composition by
Based on the results dfable 4 the surface acid character 17, 13, and 7%, respectively, and a minor increase in Ti surface
of the sol-gel-prepared mixed-metal oxides (fresh) is predomieomposition after exposure of the solid to theSfH,/CO,/He
nant compared with their surface basic character. These resulyas mixture. The F€Fe+ Mn + Zn + Ti) ratio appears to be
can be explained based on the findings of Ziolek e{%4], lower than in the case of the fresh solid (6.5 vs. 7.5%), whereas
who contended that three possibleS3Hadsorption steps can after regeneration (500, 4 h), it appears to be practically the
be considered. The first of these steps is exchange of the oxgame in both the fresh and the regenerated solids. In contrast, af-
gen of metal oxide for sulfur, dissociation of,8 into HS" ter regeneration at 75@ for 10 h, the F¢(Fe+ Mn + Zn+Ti)
and H" (the latter found as —OH species) and a coordinativelyratio appears to be higher than that of the fresh solid (8.5%

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 523 38.2 42 53 -

7 Fe-3 Mn-45 Zn-45 Ti-O 452 41.1 95 4.2 -

5 Fe—-15 Mn-40 Zn-40 Ti-O 394 345 75 186 -
40.9 31.9 62 162 48
41.F 28.2 81 170 5.0
29.7 38.0 65 162 9.6

10 Fe-10 Mn-40 Zn—-40 Ti-O 481 35.4 86 109 -

15 Fe-5 Mn-40 Zn-40 Ti-O 387 44.0 104 6.9 -
31.d 455 a1 6.6 7.0

20 Fe—-40 Zn—-40 Ti-O 37.68 45.79 1651 — —
350 418 151 - 7.9
33.4% 46.49 2007 — —
31.# 48.3 126 - 7.8

2 After synthesis, the solid was calcined in 20%/Be at 500°C for 4 h.

b The solid was treated in 0.06%8/25% H/7.5% CQ/He at 100°C for 0.5 h.

C After treatment in 0.06% bi5/25% H/7.5% CQ/He, the solid was regenerated in 20%/Be at 750°C for 10 h.
d After treatment in 0.06% biS/125% H/7.5% CQ/He, the solid was regenerated in 20%/Be at 500°C for 4 h.
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vs. 7.5%). Based on these results, it appears that treatment of
the fresh 5 Fe—-15 Mn—-40 Zn—-40 Ti-O solid with the given
H»>S-containing gas mixture causes migration of Fe to the in-
ner layers of the solid. Regeneration of the solid at BD0s
sufficient to recover the Fe surface concentration, whereas re-
generation at 75%C results in a surface enriched with Fe. The
lower surface atomic concentration of Zn after regeneration at
750°C for 10 h is consistent with Zn migration to the inner lay-
ers of the solid. This migration is in harmony with a grain—grain
fusion in solid particle$46], as evidenced by the present SEM
studies.

We note the following points about the 20 Fe—-40 Zn-40
Ti—O solid, which exhibits the lowest 4% uptakes (see Sec-
tion 3.2.7):

s R-3

counts per second (au)

%
(a) After the solid was exposed to the$IH,/CO,/He gas "'.,_
mixture, 8.5, 8.7, and 6.6% decreases in Fe, Zn, and Ti sur- (f)/.- ‘\\R-4
face concentrations, respectively, occurréable 5.
(b) The F¢(Fe+ Zn+ Ti) ratio appears to be higher after sul-
fidation compared with the fresh sample.
(c) After regeneration at 50CC, the F¢(Fe+ Zn + Ti) ratio 165 168 171 174
further decreased, whereas after regeneration at@5id BE (eV)
was higher than that of the fresh solid (Fe surface enriChFig. 5. X-Ray photoelectron spectra of S 2p core electron level obtained on
ment). the 5 Fe-15 Mn—40 Zn-40 Ti-O solid (a) after sulfidation and regeneration
(750°C, 10 h) (R-1); (b) after sulfidation and regeneration (5004 h) (R-2);
XPS results show that the 5 Fe—15 Mn—40 Zn—40 Ti—O solid©) after sulfidation and regeneration at 5@for 4 h of 15 Fe-5 Mn—-40 Zn-
is more susceptible to Fe migration through inner layers (i.e *0 T—0 (R-3) and (d) 20 Fe-40 Zn-40 Ti-O (R-4) solids.
during sulfidation) or outer layers (i.e., during regeneration) . o
than the 20 Fe—40 Zn—40 Ti-O solid. These results are in goo@*2-> €V), which correspond to Mh [58], result which is in
agreement with the findings of BET and SEM studies (Secharmony with the presence of the ZnMa@hase (see XRD
tions3.1.1 and 3.1.8demonstrating that the 20 Fe—40 zZn—40 Studies). The Fe 2p, peak with a binding energy at 711-
Ti-O fresh solid consists of aggregates and has a significant|{12 €V corresponds to an Fe(lll)-O environment according to
lower BET area (1.4 ﬁ-}/g) than the 5 Fe—15 Mn—40 Zn—40 homa; et. al[59]. The 5 Fe-15 Mn-40 Zn-40 Ti—-O SO|Id. af-
Ti-O solid (107.4 r&/g). It is obvious that the metal cation dif- t€r sulfidation presents Mn gp BEs equal to 641.6 eV, which
fusion mechanism that has been suggested for the propagati@fcounts for Mﬁ+ [58] (Mn is reduced after sulfidation). The
of sulfidation at low temperatures:(00°C) is facilitated in a  following reactions are consistent with the XPS data:
solid with high surface aref®,45]. ZnMnO; — ZnO + Mn'V O,  (dissociation by HS) 1)
After sulfidation, the S surface atomic concentration is 4.8%
in the 5 Fe—15 Mn—40 Zn—40 Ti-O solid and 7.9% in the@nd
20dFe—|?0 Zn—;lo Ti—ﬁc).dsollidT(albk(aj 9. The presence of sulfur  2MnO, + 4H,S — Mng”) Ss+4H,0+ S
and sulfates after sulfidation and regeneration is in agreement .
with reports in the literatur§s6]. Because the escape depth of (reduction by HS). )
the photoelectrons in the solid analyzed by XPS is confined\fter regeneration, Mn species are reoxidized to tetravalent Mn
to 3-5 nm, only the topmost layers of the solid particles argons. In contrast, sulfidation hardly influences the electronic
concerned. Part of S has penetrated in the inner layers of ttetate of iron, because the same binding energy of Fg»2p
5 Fe-15 Mn-40 Zn-40 Ti-O solid, a procedure that is mordor the fresh and sulfided samples was obtained. The oxidation
difficult in the 20 Fe—40 Zn—40 Ti—O solid as discussed earlierstates of Z&+ and T+ appeared unaffected by the applied sul-
Fig. 5presents XPS spectra of S 2p core electron levels obfidation and regeneration conditions.
tained in the 5 Fe—15 Mn-40 Zn—40 Ti—O solid after sulfidation
followed by regeneration at 75C for 10 h (R-1 spectrum) and 3.1.7. Md&ssbauer studies
500°C for 4 h (R-2 spectrum). After sulfidation followed by  Table 6reports Mdssbauer data extracted from the spec-
regeneration at 500C, XPS spectra corresponding to 15 Fe—tra recorded at 25C on the fresh, sulfided (10@, 0.5 h),
5 Mn—40 Zn-40 Ti—O (R-3) and 20 Fe—40 Zn-40 Ti-O (R-4)and regenerated (50C€/4 h or 750°C/10 h) 5 Fe—15 Mn—
solids were obtained. The S 2p XP peak at 168 eV correspondt) Zn—40 Ti—O and 20 Fe—40 Zn—-40 Ti—O solids. For the fresh
to S—-O moieties and is attributed to $O [57]. The S 2p 5 Fe—15 Mn—40 Zn—40 Ti-O solid, the isomer shift (ISye]
XP peak at 162 eV corresponds t8-Sin the case of sul- equals 0.33 mifs. This value is typical of Fe located in the
fided samples. All fresh samples present Mg,2BEs (642.3— B-sites of Mn—-Zn ferrite nanoparticlg60]. Given that pure
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3000

Table 6 5Fe-15Mn-40Zn-40Ti-O
Méssbauer parameters corresponding to the 5 Fe—15 Mn—40 Zn-40 Ti—O and 3 =
20 Fe—40 Zn-40 Ti-O solids as fresh, after sulfidation and regeneration i T
Solid composition SFe AEq r/2
(mmys) (mny/s) (mnys)
5 Fe-15 Mn-40 Zn-40 Ti-O 0.83 0.53 0.19
0.34 0.57 0.19
0.3¢ 0.47 0.17 2000 |-
0.34 0.57 0.21 -
=
20 Fe-40 Zn-40 Ti-O 0.37 0.43 0.17 é
0.37 0.45 0.17 g
0.37 0.44 0.17 =
0.3@ 0.45 0.17 5
~—
& The solid was calcined in 20%#MHe at 500°C for 4 h. .5 1000 -
b The solid was treated in 0.06%,8/25% H/7.5% CQ/He at 100°C for
0.5h.
¢ The solid was treated in 0.06%,8/25% H/7.5% CQ/He followed by
regeneration in 20% &He at 750°C for 10 h.
d The solid was treated in 0.06%,8/25% H/7.5% CQ/He followed by
regeneration in 20% &He at 500°C for 4 h.
ZnFe04 spinel phase has Eq = 0.36 mny's at room temper- I
ature, MnFeO, is magnetic at room temperature, and that a 200 400 600 8001 1000 1200
relatively low calcination temperature (500) was used, the Raman shift (cm™)

presence of a Mn~Zn ferrite crystal phase ((Mn.ZaJBs) is ig. 6. Raman spectra of 5 Fe—15 Mn—40 Zn—40 Ti-O solid. (a) Fresh, F (cal
suggested. After exposure of the 5 Fe—-15 Mn-40 Zn-40 Ti=Q i 2006 Gltie, 500°G, 4 h; (b) after sulfidation, (48/Hy/CO/He,
solid to the HS/H/COy/He gas mixture, the IS parameter jppoc o5 h); (c) after sulfidation followed by regeneration, R-1 (2094-@,
is preserved within experimental accuracy (0.34 famThis  750°C, 10 h); (d) after sulfidation followed by regeneration, R-2 (20% O
result strongly supports the view that the3Feenvironment  He, 500°C, 4 h).
hardly has been influenced by the given sulfidation process.
This is in agreement with the XPS results (see Sec®idng. in which 5 Fe—15 Mn—40 Zn-40 Ti-O exhibits significantly
After sulfidation, the IS and\ Eq values suggest the presence larger HS uptake than the 20 Fe—40 Zn-40 Ti-O solid (see
of Fe$ [61]. The regeneration seems to have drastically in-Section3.2).
fluenced the structural properties of the 5 Fe—-15 Mn—-40 Zn—
40 Ti—O solid. After regeneration at 50Q, the IS andAEq;  3.1.8. Raman studies
values of the solid remain the same as in the case after sulfida- Fig. 6a presents the Raman spectrum obtained on the fresh
tion. But after regeneration at 78Q, the AEq value changes 5 Fe-15 Mn—40 Zn-40 Ti-O solid. The peaks at 527 and
to 0.57 mny's. The values obtained for the Méssbauer parameg76 cnt! are assigned to (Mn,Zn)E@;, [62,63], in harmony
ters are attributed to the presence of ;-@Barcasite). The same with the XRD and Mdéssbauer studies (SEables 2 and 6
value of isomer shift observed in the fresh sample after expoThe broadness of the peak is consistent with the crystallinity
sure to the HS-containing gas mixture and that after regeneracof ferrite (see als&ig. 1). Fig. 6b presents the Raman spectrum
tion signifies the same electron density for the Fe nucleus.  obtained on the 5 Fe—15 Mn—40 Zn-40 Ti—O solid after expo-
In the 20 Fe—40 Zn-40 Ti-O solid, the IS andEq pa-  sure to the HS/H/CO,/He gas mixture at 100C for 0.5 h.
rameters are similar for the fresh, sulfided, and regeneratethe broad peak at 712 cm is assigned to the presence of
solids (Table § within the limits of experimental error. The nonstoichiometric ferrite (MfZni_,)Fe04 (x < 1) [62,63]
same value of IS and quadrapole splitting (0.43-0.45/8)m The shift of this band compared with the peak wavenumber is
observed corresponds to the same electron density and envirasde to the distorted Mn—Zn ferrite phafg2—-64} The bands
ment geometry for the Fe nucleus. Thus the Méssbauer resulég 150, 217, and 470 cnd are typical of sulfur[65]. The
obtained suggest that 5 Fe—15 Mn—40 Zn—40 Ti—O solid is moreand at 470 cm’ is somewhat broader than the sulfur typical
susceptible than the 20 Fe—40 Zn-40 Ti—O solid to electroni®Raman band, very likely because of the presence of polysulf-
perturbations and structural distortions during sulfidation. Thisdes[66,67]
finding is in harmony with the XRD (Sectiagh1.2, XPS (Sec- Figs. 6¢ and 6gresent Raman spectra obtained on the 5 Fe—
tion 3.1.6, and Raman (Sectia® 1.8 studies. 15 Mn-40 Zn-40 Ti—O solid after its regeneration at 750 and
Comparing the solid phase composition in 5 Fe—15 Mn—-4G00°C, respectively. According to the literaty@B], the broad
Zn-40 Ti-O and 20 Fe—40 Zn—40 Ti-O solids, it can be statetbands centered at 237, 448, and 610 ¢mre typical of disor-
that Mn plays a key role in defining the cation distribution in dered manganites, almost independently of the averaged crys-
the A and B sites in the present spinel phase$i(ReMn?t < tallographic long-range symmetry (orthorhomf6] or rhom-
FEt + Mn3t). In turn, this regulates the adsorption 0§$]  bohedral[70]), the degree of dopinfy1], or the nature of the
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element at the A site. Thus these bands reflect some very b&-2.1. Effect of Fe content and regeneration temperature
sic structural features. The line near 230¢rwas assigned to Fig. 7a presents results of 43 uptake at 25C as a func-
a rotational-like distortion of Mn@octahedra due to the mis- tion of Fe content for the Fe—-Mn—Zn-Ti-O series of solids as
match between the average ionic radits3 ¢f the A site species  fresh and after exposure to the givepSHcontaining gas mix-
and the ionic radiusrfin) of Mn [72,73] The other two bands  ture followed by regeneration at 590G or 750°C. Among the
near 450 and 610 cnt are related to the Jahn—Teller octahedralfresh samples, 5 Fe—15 Mn—40 Zn-40 Ti-O with the high-
distortions. est BET area (107.4 #ig) presents the highest,B uptake
By increasing the regeneratidh from 500 to 750C, the (2 4 mmo)qg), whereas the 20 Fe—40 Zn—40 Ti-O solid with
three broad bands of ZnMn@ppear to be slightly shifted. Af-  he jJowest BET area (1.5 %ig) presents the lowest uptake
ter regeneration at SOC (Fig. &d), the active Raman modes of (g 5 mmoyg). Based on these results, sulfidation of 20 Fe—
ZnMnOg appear at 234, 444, and 610 Chiwhereas after re- 4 71,_40 Ti—0 solid is limited to its outer layers, whereas
generation at 758C, the band at 234 shifts to 239 cand the sulfidation of 5 Fe—15 Mn—40 Zn—40 Ti—O is limited to its
band _at 444 shifts to 448 cm (Fig. 6c). However, thg Q|ﬁer- inner layers. These results are in harmony with the Raman re-
ence in the Raman shift between the spectra ShOWIgs. 6¢ ¢ i in \which sulfidation of the 5 Fe—15 Mn—40 Zn—40 Ti-O

:?rift(jj irr?ralI; aq_igogs;iirf: \é\/f'tzlentg:;grlésf c;r?,\);gg'rm;ntalsolid showed the characteristic triplet of sulfur (150, 217, and
y Y 470 cnt1) not observed in the case of sulfided 20 Fe—40 Zn—

talline phase in the fresh sample is likely because this phase . .
is ill-crystallized, whereas the opposite is true in the regenerf?0 Ti—O solid. Kobayashi et g16,17]reported an biS uptake

ated solid. In the case of regeneration at 500the successive of 20'48 mmo}g on the fresh zmoc ferrite powder sample at
calcination cycles led to better crystallization of ZnMg@us ~ 4°0°C from a gas stream of 1 vol%2S/N,. . .
Raman bands appear more intense. In the case of regeneration*S Shown inFig. 7a, the Fe-Mn-Zn-Ti-O solids lose their

at 750°C, the ZnMnQ crystallites are much better formed, and H2S uptake capacity to varying extents after regeneration at

After regeneration at 500C (F|g &j), a small peak (at Uptake for both 5 Fe—15 Mn—40 Zn—-40 Ti—O and 20 Fe—40 Zn—
346 cntl) appears that can be assigned to the remaining0O Ti—O solids. Note that the 5 Fe—15 Mn—40 Zn—40 Ti—O solid
sulfur ($07%7) in the sample[74]. Such sulfur oxy-anion exhibits a 5-fold greater }& uptake than the 20 Fe-40 Zn-
species were reported to be important intermediate species uf0 Ti—O solid after regeneration at 500. As clearly shown
der the Claus reaction conditions on alumina-based catalystyy XRD, Mdssbauer, and Raman studies, the former solid is
[75]. These species are then reduced BHo form S sul-  more prone to structural changes (increased crystallinity) than
fur species. This is an important point, because it may suggeste latter during regeneration.
that oxygen is required to create oxidizing sites on the present

metal oxides given the fact that after sulfidation (use g&th ® 25 @)
the absence of oxygen) only polysulfide species were found, as 2 2.0
previously discussed. g 1.5

The S peaks at 150, 217, and 470 disappEgy. €d). These E
results demonstrate that regeneration at ¥D0@s capable of g 1.0
removing a fraction of sulfur from the sample. The peak at = 05 - Fresh
710 cnr! corresponds to (MyZn;_,)Fe04 [64], as also ev- T 0.0 |4 Regenerated (500°C/4h)
idenced by the Mdssbauer studies. Raman spectra obtained - Regenerated (750°C/4h)
on the 20 Fe—40 Zn—-40 Ti-O fresh solid (not presented here) 5 10 15 20
confirmed the presence of &3 (222, 253, 303, 398 cr), Fe (mol %)
ZnFe04 (352, 521, 734 cmt), and TiG (156, 438, 601 cml) 100
phases. After sulfidation and regeneration, practically the same ./.\.\. (b)
peaks as those appearing in the fresh solid were obtained. The = 8071
absence of the three typical peaks of sulfur demonstrates that % |
sulfidation of this solid was limited to the surface. The opposite s 60 /\/
is true in the 5 Fe—15 Mn—40 Zn—40 Ti—O solid. S 40t

>
3.2. Transient HoS uptake experiments = 201 —e— Regenerated (500°C/4 h)
—a— Regenerated (750°C/4 h)

The H'S uptake of the solids until saturation is obtained was 0 5 10 15 20

studied by transient adsorpti¢®8] from the HS/H,/CO,/He Fe (mol %)

gas mixture in the 25—-10 range. The catalyst was pretreated Fig. 7. (a) S uptake (mmolg) as a function of Fe content (mol%) in the
. 0 . 1g. /. u u | 0) |

in 20% Q/Hl? at 500°C for 2 h, pu_rged in He ‘ff‘t 50, and Fe—-Mn-Zn-Ti—O solids and regeneration conditions. (b) Regeneration per-
then cooled in He flow to the desired adgorptlon temperatur@entage of Fe-Mn—zn—Ti-O solids as a function of Fe content and regenera-
The H'S uptakes were calculated according to the proceduresn conditions. Adsorption gas mixture: 0.06%${25% +Hb/7.5% CG/He;

described elsewhef28]. F =30 NmL/min; W =5 mg.
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After regeneration at 750C for 4 h, all Fe—~Mn-Zn-Ti-O —&— Fresh .
solids present lower §8 uptakes. For example, decreases in 8 — _;__ ";:gRee";::et:’ﬁ(:gO Cla b 100
H>S uptake by 18 and 52% on the 5 Fe—15 Mn—40 Zn-40 Ti—-O _
solid were obtained after regeneration at 500 and°T50e- §° 6l 180 -
spectively. Given the fact that there is a nonlinear relationship £ ] §
between BET surface area and$uptake, the large decrease % 4l 60 §
of H,S uptake after regeneration at 78D is partly attributed E 140 &
to the loss of BET area of the solids and their increased crys- = 5 | §
tallite size. It is important to note that for the Fe—-Mn-Zn-Ti-O :~ ] 120 °
solids the active sites for 4% adsorption (sulfidation sites) are 0 L— SFe-ISMn-40Zn-40Ti0 0
mostly Fe, Mn, and Zn metal cations, whereas Ti metal cations 20 40 60 80 100
act as structural components favoring the formation of spinel Temperature (°C)

hases and other mixed-metal oxide structyr. Another
P f he | d K fL[ & . Fig. 8. (a) BS uptake (mmolg) and percentage regeneration of 5 Fe—15 Mn
reason for the large decrease of3-uptake after regeneration —40 Zn-40 Ti-O solids as a function of adsorption temperature in the 25—

at 750°C is the loss of Zn as observed by XPS studies {8e 100°C range. Results are shown for the fresh solid and after its sulfidation
ble 3. Zinc is one of the active sites for initiating the sulfidation followed by regeneration at S0 for 4 h.
process.

The lower HBS uptake exhibited by the solids after regen-3.2.2. Effects of adsorption T
eration is also partly due to the presence of remaining sulfides Fig. 8presents results of3$ uptake as a function of adsorp-
(S*) and sulfates (S§¥~) in the bulk of the solid, the forma- tion temperature in the 25-10C range over the 5 Fe-15 Mn—
tion of which is favored in the presence of Ni#v]. Calcination 40 Zn—40 Ti—O solid. For the fresh sample, there is an increase
in air of manganese sulfates at high temperatuses0°C) led  Of H2S uptake in the 25-10 range. In particular, there is an
to increased formation of manganese o). Also note that ~ increase by a factor of 1.4 at 76 and by a factor of 3.2 at
the Fe-based ¥§ adsorbents required the lowest regeneratiod-00°C compared with the uptakes obtained at@5A similar

temperature in air among othep8l adsorbents without sulfate Pehavior is obtained on the regenerated solid at"&00There
formation at the engi7]. is an increase in kB uptake in the whole temperature range of

The percentage regeneration of the solids as a function ¢°-100°C. Butthe BS uptake of the regenerated solid at each
Fe content is presented Fig. 7b. The highest percentages of individual temperature appears to decrease with respect to that

H>S uptake recovery are obtained after regeneration of the solﬂbt""ine‘j on the f“?s_h sample. This behavior is due partly to the
at 500°C, whereas the lowest percentage (30%) is obtainefrésence of remaining sulfur, and also to the loss of BET area

over the 15 Fe-5 Mn—40 Zn—-40 Ti—O solid after regeneration a?fter regenerationTable J. The formation O.f ZnS and '.:QS
was probed by XRD and Md&ssbauer studies, respectively, as

750°C for 4 h. The highest percentage of$luptake recovery . 4 . .
. . ) . .discussed earlier. The percentage regeneration of the solid as a
0, — —. —. —
(81.'9 %) is th_alned over th? 5 Fe-15Mn-40 .Zn 49 -0 SOIIdfunction of adsorption temperature is also presentefign 8.
This result is in harmony with the fact that this solid Preservest . owest percentage regeneration is obtained at€0This
its BET area after regeneration at SU After regeneration at is likely due to the fact that at this temperature, sulfidation pro-

750°C, the percent_age recovery 0b8i uptake for the 5 Fe- ceeded to a larger extent into the bulk of the solid, and as a
15 Mn—40 Zn—40 Ti-O solid is reduced to 48.3%. The l0SS Ofoq it the regeneration conditions applied were not so efficient.
BET area (sedable J and structural changes (see the Raman
and Mdssbauer results) are considered the main causes for tg
decreased percentage regeneration of the solid a&tG%0m-

pared with 500C.

©.3. Correlation of H>S uptake with BET

According to previous report§77], a key parameter in
i ) achieving acceptabled$ uptakes at temperatures below 200

For the 5 Fe-15 Mn—40 Zn-40 Ti-O solidzSiuptake mea- ;¢ ¢ specific surface area of the solid. This provides immediate

surements at 25C were conducted from 0.06%;8/He and 5, 5jjapility of sites for adsorption (first step of the sulfidation
0.06% HS/25% H/He gas mixtures. For the former gas com- process)Fig. 9shows BET area and4$ uptake as a function
position, the HS uptake was found to be 3.8 miyigl whereas 4 Fe content in the Fe—Mn—Zn-Ti—O solids. The decrease in
for the latter, the uptake was 1.34 mmgl Comparing these re- BT area with increasing Fe content is accompanied by a de-
sults with those from the 0.06%23/25% H/7.5% CQ/He gas  crease in HS uptake. The same type of BET areaSHiptake
mixture (2.4 mmolg) leads to an intial conclusion that a com- re|ationship has been observed over Zn—Ti-O and Mn—Zn—Ti—
petitive adsorption/interaction of4$, H, and CQ occurs on O solids[28]. These results strongly support the view that the
the given solid. Changes in the chemical environment of sulinteraction of BS with these solids is not confined to the sur-
fidation sites due to the presence of £&nd H cannot be face. A solid-state diffusion of HSand $~ species toward
excluded. In particular, the adsorption of gonto O'~ sites  the bulk of the solid particles to eventually form metal sulfide
can cause changes in the acid character of surface sites respeompounds has been propogsfl The initial step of HS ad-
sible for S chemisorption and accommodation of its derivedsorption and the subsequent dissociation of the latter into HS
HS-, $, and H" species. and Ht is followed by diffusion of HS and $~ into the ox-
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Fig. 9. Specific surface area (BET,2m1g) and HS uptake (mmolg) as a

function of Fe content (mol%) in the fresh Fe—Mn—Zn—Ti—O series of solids. 3| —e— 0% H,0
Adsorption conditions: 0.06% $5/25% H/7.5% CQ/He, 25°C; F = @ 1% HZO
. . oo = —h— 2
30 NmL/min. Regeneration conditions: 20%/Ble, 500°C, 4 h. E = 3%H,0 (b)
s 6
= IS [ —@— Commercial g SFe-15Mn-40Zn-40Ti-O
% —&—  5Fe-15Mn-40Zn-40Ti-O =<
E 12 s 4
£ =
< of %))
] :N
E 2
|
n | 20 40 60 80 100
= 3 Temperature (°C)
0

20 40 60 80 100 Fig. 11. (a) Effect of 1 vol% HO present in the adsorption gas mixture on
the HS uptake (mmagig) for the x mol% Fe—Mn-Zn-Ti-O series of solids.
T ° .
emperature (°C) (b) Effect of HLO concentration and temperature on thgSHiptake (mmolg)

. . ) . for the 5 Fe—-15 Mn-40 Zn—-40 Ti-O solid in the 25-2@ range. Adsorp-
Fig. 10. S uptake (mmglg) as a function of adsorption temperature in the . S o o N o B o
25-10C°C range obtained on the 5 Fe-15 Mn—40 Zn-40 Ti-O and Ni-base(};roi ggnNdmoL;\:r{ir?.OGA WSI25% Hb/7.5% CQlx% HaOMMe, x = 1, 3 vol%;
commercial solid adsorbents. Adsorption gas mixture used: 0.06%/ H - '

25% Hy/7.5% CQ/He; F = 30 NmL/min.
temperature biS adsorption for the given $-containing gas

ide lattice. Migration of the lattice oxygen to the surface of theMixture studied28].

solid also proceeds to formJ®. However, bulk diffusion of an-

ions is unlikely to occur at low temperatures, and thus surfacé-2->- Effectof HoO ontheHoSuptake
reconstruction was proposed instéaHl This mechanism is ex- 3-2.5.1. 5Fe-15Mn-40 Zn-40 Ti-O solid * Fig. 11a presents

pected to depend on BET area and the details of solid crystaf§€ effect of 1 vol% HO present in the adsorption gas mixture
on the BS uptake at 25C on the freshc% Fe—Mn—Zn-Ti—-O

morphology{28]. i .
solids as a function of Fe content. In the absence of wate3, H
uptake decreases with increasing Fe content from 5 to 10 mol%,

3.2.4. Comparison of H,S uptake of the sol—gel-prepared whereas no further decrease is observed at the level of 15 mol%

solids with a commercial Ni-based solid adsorbent Fe. In contrast, the presence of 1 vol%in the feed stream

Fig. 10 compares the p5 uptake obtained on the 5 Fe— leads to 21% more 8 uptake for the solids containing 5 mol%
15 Mn—40 Zn-40 Ti—O and commercial Ni-based3Hsolid  Fe and 38% more 8 uptake for the solids containing 10 mol%
adsorbents as a function of adsorption temperature. For tHee. However, for the solid with 15 mol% Fe content, the pres-
temperature range of 25-8Q, the sol-gel-prepared solid ence of 1 vol% HO leads to a significantly lower 4% uptake
has a greater 8 uptake than the commercial one (2.4 vs.(a 42% decrease).

0.75 mmofg at 25°C and 2.8 vs. 1.3 mmgy at 50°C). The simplest reaction scheme consistent with these observa-
However, at 75C and 100C, the commercial adsorbent has tions is the following (the case of a'ND metal oxide):

a greater HS uptake (by a factor of 2.2 and 1.5, respec-

tively). It appears that sulfidation of NiO to form NiS is fa- H2S+ MO & MS + 10, (3)
cilitated at temperatures above 8D compared with ZnMng) H>0 + MO < M(OH)y, 4)
(Mn,Zn)Fe 04, and ZnTiQ present in the 5 Fe—15 Mn—40 Zn— H,S + M(OH), < MS + 2H,0. 5)

40 Ti-O solid. It is important to note that the commercial

Ni-NiO/SiO; catalyst is not regenerable, as opposed to the\ccording to reaction§3)—(5), the presence of water can cause
presently developed 5 Fe—-15 Mn—-40 Zn—-40 Ti—O solid adsornydroxylation of the oxidic surface and of the bulk of the ox-
bent. Also note that 5 Fe-15 Mn—40 Zn-40 Ti—O appears tade (subsurface region). In the case of ZnO, the hydroxylated
be the best solid synthesized in our laboratory so far for lowsurface resulted in higher rates fop$adsorption and surface
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10

diffusion of the derived specidd5]. It was also reportefil 9] ~ -8~ Commercial
that a water-promoted cation diffusion mechanism operated in 2 g| ™ SFe-15Mn-40Zn-40Ti-O
the case of interaction of % (0.05-0.8% in K) with ZnO at E . (a)
45°C facilitated the formation of ZnS. E 6f 1% H,0

Fig. 11b presents the effect of 4 feed concentration (1- %
3 vol%) on KBS uptake for the 5 Fe—15 Mn-40 Zn-40 Ti-O 2 4
solid as a function of adsorption temperature. The presence of i | ‘\‘\‘
1 vol% HyO in the feed results in lower4$ uptakes in the 75— =) 2
100°C range, where the beneficial effect of®lin the sulfida- 0 . . .
tion process (promotion of the cation diffusion mechanjSih 20 40 60 80 100
is significantly reduced. In contrast, at 25, a 20% increase Temperature (°C)

in HoS uptake is observed due to the water-induced promotion -
of cation diffusion mechanism. It is likely that formation of a B 10| I ggeml‘;‘ﬁfllfozn OTLO
metal hydroxide shell to a greater extent at 75-°0Q@han at = | ) TR
25°C limits diffusion of HS™ and $~ into the bulk of unre- E 8 (b)
acted oxide, thus reducing the fina}$luptake. % 6l 3% H0
Increasing the water feed concentration to the level of ?§
3 vol%, produces a different profile for theo,S-temperature o 4]
relationship. In the 75-10TC range, HS uptake increases sig- :«n 2t
nificantly with respect to the case of 1 vol%@ in the feed o—

stream. But at 25C, the presence of 3 vol%J@ in the feed 0
leads to lower HS uptake compared with the case of 1 vol%

H>0. It seems that pD promotes the cation diffusion mech-

anism in the 75-100C range but not at 28C. These results Fig. 12. Effect of 1 vol% HO (a) and 3 vol% HO (b) present in the adsorp-
suggest a different mechanism of sulfidation propagation byion gas mixture on the 5 uptake (mmolg) for the 5 Fe~15 Mn-40 Zn-40
increasing the water concentration in the feed stream. It is pro'[i—O and Ni-based commercial solid adsorbents. Adsorption cond_itions: 0.06%
posed that increasing the,B feed concentration increases H25/25% H/7:5% CQ/x% HyO/He,x =1, 3 vol%; F' = 30 NmL/min.

the extent of surface hydroxylation. This different sulfidation
mechanism is also supported by the different profile g6 dp-
take versus adsorption temperature in the case of 1 and 3 vol%
H>0. In the case of 1 vol% 0, HoS uptake decreases as the
temperature increases; the opposite is true in the case of 3 vol%
H>0. In both cases, a competitive adsorption eftHand HS

must be proposed, and the overall process of sulfidation seems
to be kinetically controlled.

20 40 60 80 100
Temperature (°C)

1. The molar ratio of Fe/Mn used in the sol-gel synthesis of
Fe—-Mn-Zn-Ti—O mixed-metal oxides largely determines
the morphology and the size of the solid particles formed.
The morphology of 5 Fe—15 Mn—40 Zn—40 Ti—O and 20
Fe—40 Zn—40 Ti—O solids drastically changes after treat-
ment of the solid with 0.06% $8/25% H/7.5% CQ/He
gas mixture (sulfidation) followed by regeneration in 20%
Oo/He at 750°C for 10 h.

2. The Fe/Mn molar ratio regulates the reducibility of Fe—

3.2.5.2. Comparison with a Ni-based commercial adsorbent Mn—Zn-Ti—O solids and possibly their reduction mecha-

Fig. 12 presents comparative results of the effect of temper- nism by hydrogen

ature on HS uptake for the fresh sol-gel-prepared 5 Fe-155 g, o and Mssbauer studies reveal that the presence of
Mn—40 Zn-40 Ti-O solid and the commercial Ni-based one in Mn in the 5 Fe—15 Mn—40 Zn—40 Ti—O solid makes the
fthe presence of 1 vol%-{g. 12a) and 3 vol% Fig. 12b) water mixed oxide structures ((Mn,Zn)g®s, ZnMnOs) more

n thg feed stream. In the presence .Of 1 vol%CKithe com- susceptible to structural distortions during sulfidation and
mercial catalyst appears to be superior to the sol-gel-prepared regeneration procedures

md|xedt;metal oxide 'E th_e 25_10@?”&?;” _tr;]e commermal_ 4. According to the XPS results, migration of Fe ions through
aasor e_nt, BS uptake increases by o'with an Iincrease in 0 (during sulfidation) and outer (during regeneration)
adsorption temperature from 25 to 1UD. In contrast, a 28% layers of the solid particles of 5 Fe—15 Mn—40 Zn—40 Ti—O
decrgase 'rll. dlz5 u;;take IS o?serv?id In t_heh5 I;e—éS Mn-40 th— is facilitated by the presence of Mn. A more detailed study
40 T-O solid. Int ecaseo 3vo /Odﬂ) n the ee stream, the for the intrinsic effect of Fe/Mn molar ratio on the cation
sol—gel-prepared mixed-metal oxide is superior to the commer- migration mechanism is needed

cial one in the 25-75C range, but the commercial solid has a ¢ a4 jower HS uptake obtained on the 5 Fe~15 Mn—40 Zn—

greater HS uptake at 100C. 40 Ti—O solid after regeneration compared with the fresh
_ one is due in part to the presence of remaining sulfates
4. Conclusions (SO427) and sulfides (%) in the lattice, the formation

of which is favored in the presence of Mn. The lowest
The following conclusions can be derived from the results of  percentage regeneration is obtained after exposure of the
the present work: fresh solids to the b5-containing gas mixture at 2& and
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regenerated at 75, whereas the highest percentage re-{21] T. Baird, K.C. Campbell, P.J. Holliman, R.W. Hoyle, M. Huxam, B.P. Stir-

generation is obtained when regeneration is conducted at ling, D. Williams, M. Morris, J. Mater. Chem. 9 (2) (1999) 599.
500°C [22] C.L. Carnes, K.J. Klabunde, Chem. Mater. 14 (2002) 1806.

6. The sol—gel-prepared 5 Fe—15 Mn—40 Zn—40 Ti—O SOIIO[23] E. 0Soasaoka S. Hirano, S. Kasasoka, Y. Sakata, Energy Fuels 8 (1994)

shows a significantly greater (by a factor of 3.28-ptake  [24] T. Baird, K.C. Campbell, P.J. Holliman, R. Hoyle, D. Stirling, B.P. Wil-
than the commercial Ni-based adsorbent at an adsorption liams, J. Chem. Soc., Faraday Trans. 92 (3) (1996) 445.
temperature of 25C and similar uptake at 5. However, [25] T..Baird, K.C. Cgmpbell, P.J. Holliman, R.W. Hoyle, D. Stirling, B.P.
at 75 and 100C the commercial adsorbent exhibits greater Williams, M. Morris, J. Chem. Soc., Faraday Trans. 91 (18) (1995) 3219.

. [26] T.J. Bandosz, Carbon 37 (1999) 483.
H2S uptake (by a factor of 2.2 and 1.9, respectively). [27] A. Bagreev, H. Rahman, T.J. Bandosz, Carbon 39 (2001) 1319.

7. The presence of 1-3 vol%B in the 0.06% HS/25% H/ [28] K. Polychronopoulou, J.L.G. Fierro, A.M. Efstathiou, Appl. Catal. B 57
7.5% CQ/He gas mixture significantly enhanceg3¥up- (2004) 125.
take at 25C for the 5 Fe—15 Mn—40 Zn—40 Ti—-O solid. [29] R.J.A.M. Terode, M.C. de Jong, M.J.D. Crombag, P.J. van de Brink, A.J.

The presence of 3 vol% 4D seems to alter the sulfidation van Dillen, J.W. Geus, Stud. Surf. Sci. Catal. 82 (1994) 861.
mechanism of the solid. [30] P.F.M.T. van Nisselrooy, J.A. Lagas, Catal. Today 16 (1993) 263.

[31] Z.M. George, Adv. Chem. Ser. 139 (1975) 75.
8. The fundamental knowledge derived from this study on thesz] m.A.B. Saad, O. Saur, Y. Wang, C.P. Tripp, B.A. Morrow, C.J. Lavalley,

chemical interaction of b5 with the newly developed Fe— J. Phys. Chem. 99 (1995) 4620.
Mn-Zn-Ti—O mixed-metal oxide materials and also that of[33] A.A. Davydov, V.I. Marshneva, M.L. Shepotko, Appl. Catal. A: Gen. 244
air with the sulfated materials can be used to drive fur-_ (2003) 93.

ther i tigati into th . tall 34] K.-T. Li, C.-S. Yen, N.-S. Shyu, Appl. Catal. A: Gen. 156 (1997) 117.
er investigations Info these new, more environmenta 35] European project (5th FP), EVK1-CT-1999-00033, Development of Tech-

friendly materials for use in the important industrial cat- nologies Using the Activity of Sulphate and Metal Reducing Bacteria
alytic oxidation of BS to elemental sulfur. (SMRB) to Remove Heavy Metals and Metalloids from Ground Waters
and Soils.

[36] L.L. Hench, J.K. West, Chem. Rev. 90 (1990) 33.
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