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New technologies for power generation demand the development of regenerable sorbents
for hot coal gas desulfurization down to very low levels of H2S. Unfortunately, long-term
tests in different reactors show that usual regenerable sorbents exhibit such efficiency decay
and degradation of mechanical properties that their use is impractical in the current state
of the art. In a previous study, some long-term tests in a fixed bed reactor have shown that
Zn- or Cu-doped manganese oxide sorbents exhibit good performance. The highlighting
features in the behavior of these sorbents are a substantial change in sulfidation reactivity
as they are doped with zinc or copper oxides and a pronounced efficiency increase during
the first 1-5 sulfidation-regeneration cycles. To understand this apparent behavior, a
detailed characterization study of fresh, sulfided, and regenerated sorbents has been carried
out using X-ray diffraction and transmission electron microscopy techniques. This study
shows that the structure and degree of dispersion of the active phases in the fresh and
regenerated sorbents and those of sulfides in the sulfided sorbents are highly dependent on
the chemical nature of the dopant used. Zn enhances the formation of mixed oxide or sulfide
species, while Cu increases mostly the degree of dispersion. These structural and textural
changes can be associated with the high sulfidation reactivity exhibited by the studied
manganese-based sorbents.

Introduction

New technologies for an efficient and clean use of coal
in power plants, such as the integrated gasification
combined cycle (IGCC), are demanding the development
of regenerable sorbents for gas desulfurization at high
temperatures (500-800 °C) able to lower the H2S
concentration in the outlet gas from the gasifier down
to a few parts per million by volume. These sorbents,
generally based on metallic oxides,1 usually show good
performance in short-term tests in a reactor but,
unfortunately, decay in long-term tests as evidenced by
progressive loss of the sulfur capacity at breakthrough2

and degradation of the mechanical properties3 as the
number of successive sulfidation-regeneration cycles
increases.

Manganese oxide exhibits a high sulfidation reactivity
in thermobalance tests,4 and this reactivity is substan-
tially increased by the addition of a mesoporous inert,
such as alumina or bentonite.5,6 One important finding
in the study of these sorbents was that performance

improved with recycling during the first cycles. Its
possible association, however, with the appearance and
further development of some radial microcracks across
the extrudate, evidenced by scanning electron micros-
copy (SEM), as a plausible explanation was not very
convincing.7 The most remarkable result in testing these
sorbents was that in 14-cycle tests in a fixed bed reactor
they did not show any apparent performance decay.8
These results have been further confirmed in a recent
study carried out with Cu-doped manganese oxides
using optimized operating conditions.9 Apparently, man-
ganese sulfate, which is stable at the operating condi-
tions under high concentrations of SO2 and O2, can be
formed in the first stages of the oxidative regeneration
in a fixed bed reactor at 800 °C. However, it becomes
unstable under low SO2 concentrations prevailing in the
last stages of this process. Through this mechanism of
formation and subsequent decomposition occurring in
every cycle, sulfate manganese may operate at 800 °C
as a pore-forming additive able to keep a residual
porosity in the sorbent, counterbalancing the opposing
and detrimental effects derived from thermal sintering.
This is a plausible mechanism explaining the endurable
behavior exhibited by manganese regenerable sorbents.

Unfortunately, the sulfidation of manganese oxides
is thermodynamically not as favorable as that of other
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usual sorbents, such as zinc oxides, and consequently,
the achieved H2S concentration in the outlet gas from
the reactor cannot be less than 100 ppmv at the typical
operating temperature of 700 °C using coal gas. To keep
the equilibrium H2S concentration low enough, man-
ganese oxides must be doped with small concentrations
of other metallic oxides, such as those of Zn or Cu,
showing more favorable thermodynamics.

The sorbent reactivity is also highly affected by the
chemical nature and the concentration used of zinc or
copper oxides as dopants. Additionally, it has been
mentioned above that the efficiency of the fresh sorbent,
usually low in the first cycle, increases substantially
during the first 3-5 cycles. Fresh sorbents are prepared
by calcination at high temperature from a powder
mixture of single oxides, and the formation of mixed
oxides takes place through solid-state reaction that,
frequently, becomes incomplete. However, the regener-
ated sorbents are formed through gas-solid reaction in
the oxidative regeneration, the sulfided species being
present in probably a high degree of dispersion. These
factors, affecting the textural properties of the sorbent,
may explain partially some of the observed differences
in performance between fresh and regenerated sorbents.
The other effect may be associated with the probable
presence of different chemical species or differential
structural changes that can be revealed through de-
tailed characterization studies.

The different performances exhibited by fresh and
regenerated sorbents have been observed previously in
multicycle tests in a fixed bed reactor undertaken with
zinc oxide sorbents doped with titanium oxide. Char-
acterization studies, however, only revealed minor
structural changes related to different ionic site occupa-
tions in spinel-structure compounds. Major observed
changes were concerned with the textural properties of
the regenerated and sulfided sorbents, and the apparent
performance decay of these sorbents could be correlated
with the apparent porosity decrease derived from ther-
mal sintering accumulated during successive cycles.10

The aim of the paper is the study of the involved
structural changes in fresh, sulfided, and regenerated
sorbents based on manganese oxide doped with zinc or
copper oxide, using X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) as characterization
techniques, derived from the different chemical natures
of the dopants, the different methods used for the
preparation of the fresh and regenerated sorbents, and
their evolution in long-term tests in a fixed bed reactor.

Experimental Section

Fresh sorbents were prepared from powders of pure oxides
of particle size <5 µm (MnO2, ZnO, and CuO, Merck, reagent
grade). To increase the porosity of the fresh extrudates, a 5
wt % concentration of graphite as a pore-modifier additive was
used. This powder mixture was subsequently homogenized in
a planetary ball mill and dispersed in water to form a paste
of suitable viscosity to be extruded in a syringe to cylindrical
shapes 2 mm in diameter × 2 mm in height. The extrudates
were softly dried overnight at 50 °C and then calcined at 950
°C for 6 h. During calcination in an oxidant atmosphere,
graphite was completely removed as CO2, leaving in the solid
a permanent network of macropores that increases substan-

tially the sorbent reactivity with minor detrimental effects on
the mechanical strength.11 Samples are denoted MZ(1:0.1) and
MC(1:0.1) with M ) MnO2, Z ) ZnO, and C ) CuO and the
respective atomic ratios in parentheses.

For the identification of crystalline phases, powder XRD
patterns were obtained in a diffractometer, Seifert 3000, using
Ni-filtered Cu KR radiation and a counting step of 0.02°.
Because the inability of XRD patterns to detect chemical
structures with crystal sizes below 4-5 nm, selected area
electron diffraction (SAED) patterns from areas of approxi-
mately 1 µm2 were obtained using a transmission electron
microscope, JEOL JEM-2000 FX, operating in diffraction mode
at an accelerating voltage of 200 kV. Samples were prepared
by picking a drop from a very diluted powder dispersion in
ethanol and dropping it over TEM Cu grids coated with a thin
film of amorphous carbon. The textural properties of the
sorbents were obtained by Hg intrusion in a Micromeritics pore
sizer 9310 instrument up to a final pressure of 2.1 × 107 Pa,
which allowed filling of the pores down to a 3 nm diameter.

The sorbent reactivity was studied in a Setaram TA92
thermogravimetric analyzer interfaced through an analogue-
to-digital converter to a computer which measured the evolu-
tion of the sample weight continuously. Sulfidations were
conducted at 700 °C using 10 mg of sample and a flow rate of
200 cm3/min with a gas composed of 1 vol % H2S and 10 vol %
H2, balance N2.

The sorbent performance was studied in a 2.3 cm i.d. upflow
fixed bed quartz reactor at atmospheric pressure and a space
velocity of 6000 h-1 (STP). Sulfidation was carried out at 700
°C using a gas, from cylinders controlled by mass flow
controllers, composed of 1 vol % H2S, 10 vol % H2, 15 vol %
H2O(v), 5 vol % CO2, and 15 vol % CO, balance N2, simulating
a gas from a typical KRW fluid bed coal gasifier. Inlet and
outlet gases from the reactor were analyzed by gas chroma-
tography using DTC and FPD detectors, and the evolution of
H2S concentration through the breakthrough curves was
plotted as a function of the dimensionless time t/to. to is the
calculated time from sulfur mass balance to achieve complete
sorbent conversion assuming that all H2S passing through the
reactor is retained in the sorbent (ideal sorbent). Sulfidation
tests were stopped when the H2S concentration in the outlet
gas was higher than 2000 ppmv. Sorbent regeneration was
carried out in the same reactor at 800 °C using a gas of
composition 3 vol % O2 and 30 vol % H2O(v), balance N2.
Sorbent regeneration was considered to be complete when no
SO2 was detected in the outlet gas.

Results and Discussion

Fresh Sorbents. The evolution of the conversion of
the fresh sorbents in a typical thermobalance sulfidation
test at 700 °C is shown in Figure 1. The sorbent
conversion x is defined as x ) (W - Wo)/(Wt - Wo), in
which Wo is the initial sample weight, W is the sample
weight at time t, and Wt is the sample weight calculated
assuming all oxides in the fresh sample were converted
into sulfides in the sulfided sample. The overall reactiv-
ity of sorbent MZ(1:0.1) is higher than that of sorbent
MC(1:0.1) as deduced from the respective curve slopes
in Figure 1. Previous studies showed that the overall
sulfidation reactivity as shown in thermobalance tests
is equally controlled by diffusion of the involved gases,
through intraparticle pores and those of the sulfide layer
just formed as sulfidation proceeds, dependent exclu-
sively on the textural properties, and by the intrinsic
reaction dependent on the chemical nature of the
sorbent. A grain model with variable properties has
been successfully used to predict the evolution of the
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overall reactivity of zinc ferrites in thermobalance
tests.12-14 This model allows to the two different con-
tributions to be separated, and by best fitting it is
possible to determine the reaction constant ks of the
intrinsic reaction assuming for H2S a first-order reac-
tion.15 The model uses pore volumes Vp and surface
areas S of the fresh and sulfided sorbents as determined
by Hg porosimetry shown in Table 1. The pore size of
these sorbents is about 0.2 µm. Because the pore volume
Vp for sorbent MZ is higher than that of sorbent MC, a
higher reactivity is also expected if only the role of
textural properties is taken into account. It is remark-
able, however, to note in Table 1 that the calculated
reaction constant ks for sorbent MZ is also considerably
higher than that of sorbent MC. Both results imply not
only that the degrees of dispersion of the active phases
in the two fresh sorbents seem to be different but that
the structures of the involved phases in the sulfidation
process probably are too. Rather similar reactivities
could be derived for the two sorbents if we take into
account that manganese oxide is a major sorbent
component, acting as a main desulfurizer agent, and

zinc or copper oxides are dopants acting simply as
polishing agents. Additionally, the two dopants show
rather similar trends for the formation of mixed oxides
with manganese oxide.

Differences in the overall reactivity of these sorbents
are also evidenced through the respective sulfidation
breakthrough curves in Figure 2 obtained in multicycle
tests in a fixed bed reactor. The t/to ratio at break-
through is correlated with the overall reactivity and is
also a measure of the sorbent efficiency. These curves
reveal that the efficiency of sorbent MZ in the first cycle
is higher than that of sorbent MC, in agreement with
thermobalance tests in Figure 1. The sorbent efficiency,
however, increases with the number of cycles differently
for the two sorbents, and in cycles 3-4 both of them
show similar efficiencies. The prebreakthrough level of
H2S in the outlet gas is higher for sorbent MC (30-50
ppmv), indicating that Cu2+ is probably reduced to Cu0

before sulfidation takes place since the thermodynamics
of Cu0 is considerably less favorable.16

From thermobalance and reactor tests it is clearly
deduced that, in addition to the mentioned textural
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Figure 1. Evolution of the sulfidation conversion of the fresh
sorbents MZ(1:0.1) and MC(1:0.1) in thermobalance tests.

Table 1. Pore Volume Vp and Surface Area S of the Fresh
and Sulfided Sorbents and Reaction Constant ks of

Sulfidation

sample
Vp

(cm3/g)
S

(m2/g)
ks

(m/s)

MZ(1:0.1)F 0.26 0.4 3 × 105

MZ(1:0.1)S 0.49 1.4
MC(1:0.1)F 0.17 0.2 8 × 106

MC(1:0.1)S 0.40 1.2

Figure 2. Sulfidation breakthrough curves in multicycle tests
in a fixed bed reactor: (a) sorbent MZ(1:0.1); (b) sorbent
MC(1:0.1).
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changes, a 10% zinc or copper oxide doping may also
induce differential structural changes in the fresh,
sulfided, and regenerated sorbents of manganese-based
sorbents that must be studied in detail because they
can explain the different behaviors exhibited by these
sorbents, especially in the first sulfidation-regeneration
cycles.

The powder X-ray patterns of the fresh sorbents and
that of the single oxide MnO2, also included for com-
parison, all of them prepared by calcination at 950 °C
for 6 h from the single powder oxides, are shown in
Figure 3. The MnO2 pattern reveals the presence of
Mn2O3 (cubic) as a major phase A together with a lower
concentration of Mn3O4 (tetragonal) phase B. According
to the equilibrium diagram for the system Mn-O, MnO2
should be unstable at the high temperatures of calcina-
tion, being decomposed into a mixture of Mn2O3 and a
more stable Mn3O4. The X-ray pattern of sorbent MC-
(1:0.1) is very similar to that of MnO2, indicating that
CuO doping does not affect the main structure of
manganese oxide. The pattern of sorbent MZ(1:0.1),
however, reveals the presence of Mn3O4 as a major
phase, indicating that ZnO doping enhances the forma-
tion of the most stable phase. Because we are dealing
with a decomposition reaction, we must conclude that
ZnO as dopant promotes O2 losses, which explains the
higher porosity of fresh sorbent MZ as compared with
that of sorbent MC, as shown in Table 1.

It is known that Mn2O3 cannot accept dopant CuO or
ZnO entering the lattice because if it does it changes
rapidly to a spinel-structure compound. This phase
cannot contribute to the stabilization of zinc or copper
oxides, and under the strong reducing power of the coal
gas they could be reduced even to the metallic state.
However, Mn3O4 can accept partial replacement of Mn2+

by Cu2+ or Zn2+ ions in the lattice, forming mixed oxides.

Consequently, because single oxides, ZnO or CuO, were
detected by XRD, it is deduced that dopants in both
sorbents must be found inserted into the lattice of the
tetragonal-phase Mn3O4, forming a mixed oxide. This
ionic insertion might promote lattice deformations that
can be assessed in a further investigation.

The concentration of the two implied phases A and B
in the fresh sorbents MZ and MC and the possible
deformation of the Mn3O4 lattice due to the insertion of
Zn or Cu ions have been investigated by best fitting
using Rietveld methods included in the program Powder
Cell v. 2.3, and the results are shown in Table 2. The
effect of ZnO as a dopant is clearly evidenced through
a higher concentration of the tetragonal-phase Mn3O4
(77%) in sorbent MZ. In sorbent MC, however, the
concentration of this phase is substantially lower,
almost identical to that found in sorbent MnO2 taken
as a reference. The dopant inclusion in the host lattice
is evidenced through deformations of the respective
lattice. The cubic-phase Mn2O3 is practically unaffected
by the presence of dopants, indicating that neither Zn
nor Cu can enter this lattice as expected; however, the
lattice of the tetragonal-phase Mn3O4 becomes largely
shrunk mostly along the c-axis, especially in CuO
doping, in which case lattice deformation reaches a
value of 8.6%.

Additional structural information on fresh sorbents
on the microscopic scale has been gained from SAED
patterns in TEM shown in Figure 4. The spots in the
two patterns are clearly defined, revealing that the fresh
calcined sorbents MZ and MC are made of well-crystal-
lized compounds. The SAED pattern in sorbent MZ(1:
0.1) corresponds to the tetragonal-phase Mn3O4 zone
axis [111], while the SAED pattern in sorbent MC(1:
0.1) corresponds to the cubic-phase Mn2O3 zone axis

Figure 3. Powder X-ray patterns of the fresh sorbents
calcined at 950 °C for 6 h.

Figure 4. SAED patterns obtained by TEM of fresh sor-
bents: (a) sorbent MZ(1:0.1)F, Mn3O4 tetragonal, zone [111];
(b) sorbent MC(1:0.1)F, Mn2O3 cubic, zone [111].

Table 2. Phase Concentrations in Fresh Sorbents and
Lattice Parameters Calculated by Rietveld Methods

lattice

sample phase
c

(%) system
params

(nm)
s

(%)

MnO2 calcined Mn2O3 78 cubic a ) 0.9405 0.0
Mn3O4 22 tetragonal a ) 0.5756 0.0

c ) 0.9467 0.0
MZ(1:0.1)F Mn3O4 77 tetragonal a ) 0.5708 -0.8

c ) 0.9254 -2.2
Mn2O3 23 cubic a ) 0.9413 0.1

MC(1:0.1)F Mn2O3 81 cubic a ) 0.9391 -0.1
Mn3O4 19 tetragonal a ) 0.5819 1.1

c ) 0.8655 -8.6
Cu2O trace

228 Chem. Mater., Vol. 14, No. 1, 2002 Alonso and Palacios



[111]. The detected phases on the microscopic scale are
in complete agreement with averaged macroscopic
results obtained by XRD.

Sulfided Sorbents. The XRD patterns of the sulfided
sorbents MZ(1:0.1)S and MC(1:0.1)S are shown in
Figure 5. The two patterns reveal the presence of MnS
as a major sulfided compound and traces of MnO,
indicating that sorbents were not completely sulfided
in the sulfidation process. Additionally, the presence of
this compound indicates that under the strong reducing
power of coal gas they were not stable and the initially
present oxides, Mn2O3 and Mn3O4, were reduced to
MnO. However, the most remarkable differential fea-
ture between the two studied sorbents is the appearance
in sorbent MZ of a mixed sulfide, (Mn,Zn)S, structurally
similar to hexagonal ZnS but with lattice parameters
very different, allowing its identification. In sorbent MC,
however, the corresponding mixed sulfide was not found
and the expected single copper sulfide, Cu2S, was not
detected due to, probably, poor crystallinity.

To gain quantitative information on the concentra-
tions of different chemical species involved and their
respective structures, Rietveld methods for best fitting
of experimental and theoretical patterns have been
applied, and the results are shown in Table 3. A higher
concentration of MnO found in sorbent MC indicates a

lower reactivity as compared with that of sorbent MZ,
in complete agreement with fixed bed reactor (Figure
2) and thermobalance tests (Figure 1). Additionally,
lattice parameters of phases MnS and MnO are not very
different in the two sorbents, indicating that lattice
deformations associated with the involved dopants are
not found. Consequently, the most remarkable features
in the sulfided sorbents shown in Table 3 are the
presence of a hexagonal mixed sulfide in sorbent MZ
and the small size of the crystalline domains of MnO in
sorbent MC (25 nm).

It is interesting to know the stoichiometry of the
mixed sulfide (Mn,Zn)S found in sorbent MZ, but
unfortunately, the relatively low concentration of this
compound does not allow it to be calculated directly by
best fitting. It could be determined from the experimen-
tal intensity ratio I(101)/I(100) corresponding to the two
most intense peaks in the diffractogram. For that, XRD
patterns of (Mn1-xZnx)S, in which x was varied within
a broad range, have been calculated, and their respec-
tive intensity ratios are shown in Figure 6. Taking into
account that the experimental intensity ratio in Figure
5 is 0.68, the corresponding value is x ) 0.97. That
implies that the composition of the mixed sulfide is not
too far from that of the single sulfide ZnS, although the
inclusion of this relatively low concentration of manga-
nese in the sulfide lattice makes the lattice parameters
change from a ) 0.380 nm and c ) 0.6230 nm corre-
sponding to single sulfide ZnS to a ) 0.388 nm and c )
0.632 nm for the mixed sulfide (Mn1-xZnx)S.

The presence of this mixed sulfide in sorbent MZ(1:
0.1)S and the small size of the crystalline domains of
the species in sorbent MC(1:0.1)S have been further
pursued by TEM, and their respective SAED patterns
are shown in Figure 7. The presence of the hexagonal
structure (Mn1-xZnx)S zone [001] in sorbent MZ is

Figure 5. XRD patterns of sulfided sorbents MZ(1:0.1)S and
MC(1:0.1)S.

Table 3. Phase Concentration in Sulfided Sorbents and
Lattice Parameters Calculated by Rietveld Methods

lattice

sample phase
c

(%) system
params

(nm)
size
(nm)

MZ(1:0.1)S MnS 89 cubic a ) 0.5219 70
(Mn,Zn)S 10 hexagonal a ) 0.3882 100

c ) 0.6321
MnO 1 cubic a ) 0.4436 110

MC(1:0.1)S MnS 80 cubic a ) 0.5218 71
cubic a ) 0.4436 25

MnO 20

Figure 6. Variation of the intensity ratio I(101)/I(100) for
simulated XRD patterns of (Mn1-xZnx)S with different stoichi-
ometries.
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clearly evidenced in Figure 7a, while the small-sized
crystalline domains in sorbent MC are revealed through
the slightly circularly streaked spots in the SAED
pattern of cubic MnS zone [001] in Figure 7b.

Regenerated Sorbents. The powder XRD patterns
of both regenerated sorbents MZ(1:0.1)R and MC(1:0.1)R
(Figure 8) reveal the presence of the tetragonal Mn3O4
as the only crystalline compound detected. Mn2O3,
detected in the fresh sorbents prepared by calcination,
was not found in the regenerated sorbents. Clearly, the
regenerated sorbents prepared by oxidation of the
sulfided sorbent behave differently than fresh sorbents,
and the formation of the tetragonal phase is enhanced
even at lower operating temperature (800 °C for regen-
eration vs 950 °C for calcination). Consequently, we can
expect that fresh and regenerated sorbents also behave
differently in sulfidation, which can be revealed during
the first cycles in a fixed bed reactor as shown in Figure
2. The presence of a single phase implies that Zn2+ or
Cu2+ ions are probably inserted into the Mn3O4 lattice,
partially replacing Mn2+ ions in deformed tetrahedral
positions.

The results in Table 4 show that these ionic substitu-
tions to form the mixed oxides (Mn1-xZnx)Mn2O4 or
(Mn1-xCux)Mn2O4, respectively, take place with minor
lattice straining although the size of the crystalline

domains becomes very small (40-50 nm). Another
feature differentiating the fresh and regenerated sor-
bents is that the mixed oxides in the regenerated
sorbents are found completely relaxed in a high degree
of dispersion. These factors might explain the observed
increase in the sorbent efficiency during the first sul-
fidation-regeneration cycles (Figure 2).

Further efforts have been drawn to the determination
of the stoichiometric parameter x in these mixed oxides,
and for that, simulated XRD powder patterns have been
obtained for x varying in a broad range. The theoretical
variation of the intensity ratio due to planes (112) and
(211), marked in the XRD patterns in Figure 8, are
shown in Figure 9. This curve is equally valid for the
two mixed oxides of interest because the atomic scat-
tering factors of Zn and Cu are very similar. The
experimental intensity ratio measured from Figure 8
for the two oxides is 0.33, implying that the parameter
x is about 0.21. This is approximately the expected value
for x if the formation of a mixed oxide from the starting
oxide concentrations is assumed. Additionally, the small
size of the crystalline domains in the regenerated
sorbents is shown in the respective SAED patterns. As
an example, the SAED pattern from sorbent MC in
Figure 10 reveals that despite the small area in which
the SAED pattern was acquired a powder pattern is
clearly apparent.

Sulfided and Regenerated Sorbent MZ(1:0.1)
after Long-Term Tests (70 Cycles). Finally, the state

Figure 7. SAED patterns obtained by TEM of sulfided
sorbents: (a) sorbent MZ(1:0.1)S, (Mn1-xZnx)S hexagonal, zone
[001]; (b) sorbent MC(1:0.1)S, MnS cubic, zone [001].

Figure 8. XRD patterns of regenerated sorbents MZ(1:0.1)R
and MC(1:0.1)R.

Figure 9. Variation of the intensity ratio I(112)/I(211) for
simulated XRD patterns of (Mn1-xZnx)Mn2O4 with different
stoichiometries.

Table 4. Phase Concentration in Regenerated Sorbents
and Lattice Parameters Calculated by Rietveld Methods

lattice

sample phase system
params

(nm)
s

(%)
size
(nm)

MZ(1:0.1)R (Mn1-xZnx)Mn2O4 tetragonal a ) 0.5747 0.2 53
(x ) 0.21) c ) 0.9410 0.6

MC(1:0.1)R (Mn1-xCux)Mn2O4 tetragonal a ) 0.5761 0.1 40
(x ) 0.21) c ) 0.9426 0.4
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of sorbent MZ(1:0.1) withstanding 70 successive sulfi-
dation-regeneration cycles in a fixed bed reactor is
shown in Table 5. The presence of 28% MnO in the
sulfided sorbent indicates that the sorbent reactivity
decreases slightly as the number of cycles increases. The
lattice parameters are not substantially altered, evi-
denced by comparison with the data listed in Table 3,
but the size of the crystalline domains of the detected
species by XRD is smaller. These features indicate that
the sulfidation in long-term tests in a fixed bed reactor
proceeds to mainly a diffusion-controlled process of the
reactant through intraparticle pores. It is also worth
noting the absence of a mixed sulfide of Zn and Mn
identified in the sulfided sorbent during the first cycles.
SEM-EDX analysis shows that Zn is still present in
the sulfided sorbent but some losses have taken place
as a consequence of partial reduction of ZnO to metallic
Zn and subsequent evaporation. Additionally, the cor-
responding sulfidation breakthrough curve correspond-

ing to cycle 70 (not shown) shows that the H2S concen-
tration in the outlet gas from the reactor is about 3-5
ppmv, indicating that ZnO is present as a polishing
agent. This apparent decrease in Zn concentration,
however, probably, decreases the sensitivity limit of
XRD, and consequently, (Mn,Zn)S cannot be detected.
Important differential chemical changes are also ap-
parent in the long-term regenerated sorbent. The con-
centration of Mn2O3, a nonexistent phase in the regen-
erated sorbent during the first cycles (Table 4), reaches
a value of 50% in the regenerated sorbent after 70
cycles. The lattice of the supposed major phase Mn3O4
is substantially shrunk mainly in the c-axis, indicating
that diffusion problems similar to those found in the
preparation of the fresh sorbents, although not as
important, are apparent.

Conclusions
To understand the different sulfidation reactivities

exhibited by manganese sorbents doped with zinc or
copper oxides, the increased efficiency at breakthrough
revealed during the first 2-5 cycles of testing in a fixed
bed reactor, and the state of the sorbents after 70 cycles
in multicycle tests, a characterization study of fresh,
sulfided, and regenerated sorbents has been carried out
by XRD and TEM. Diffusion-controlled solid-state reac-
tions limit the formation of the most stable oxides
during calcination, making fresh sorbents structurally
different from regenerated sorbents. The active phase
in regenerated sorbents is also found in a higher degree
of dispersion. Comparatively, zinc oxide doping en-
hances the formation of a tetragonal mixed oxide during
calcination and a mixed sulfide during sulfidation.
Copper oxide has no so relevant structural effects, but
it increases substantially the degree of dispersion of
sulfided and regenerated species. In long-term tests the
same problems concerned with fresh sorbents appear
progressively as a consequence of accumulated thermal
sintering.
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Figure 10. SAED pattern obtained by TEM of regenerated
sorbent MC(1:0.1)R.

Table 5. Phase Concentrations in Sulfided and
Regenerated Sorbent MZ(1:0.1) after Long-Term Tests in

a Fixed Bed Reactor (Cycle 70)a

lattice

sample phase (%) system
params

(nm)
s

(%)
size
(nm)

MZ(1:0.1)S MnS 72 cubic a ) 0.523 0.0 61
MnO 28 cubic a ) 0.444 0.1 42

MZ(1:01)R Mn2O3 50 cubic a ) 0.942 0.0 100
Mn3O4 50 tetragonal a ) 0.576 0.4 30

c ) 0.931
a Lattice parameters were calculated using Rietveld methods.
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