Performance of Min-based H,S sorbents in dry, reducing atmosphere — support effects
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Abstract:

High temperature H,S sorbents comprising manganese oxide (15 wt. %) supported on TiO,, ZrO,,
Ce0; and Al,03 were prepared by wet impregnation using Mn(NOs),.4H,0 as Mn precursor. Upon
activation in H,, the sorbent performance testing was conducted at 650 °C in a model gas mixture
with a composition of 0.4 vol. % of H,S in 40 vol. % of H,, the balance being inert gas (N and Ar).
Sorbent regeneration was performed at 650 °C with 5.2 vol. % of O; in N,. The initial sorption
performance is first reported for the parent (Mn-free) supports showing a considerable H,S sorption
on ZrO; and Ce0; and a minor sorption on Al,03 and TiO,. The Mn sorbents were subject to 13
sorption/regeneration cycles. The highest initial sorption capacity is reported for cerium supported
Mn oxide, which is also the sample that deactivates most. A prolonged exposure to H; at 650 °C
results in a reversible loss of the sorption capacity that was observed for all the samples except for

Mn on zirconia suggesting its superior stability in H,.

The supports, fresh and regenerated Mn sorbents were characterized by means of N sorption
measurements, X-Ray Diffraction and Raman spectroscopy. Temperature-Programmed Reduction
was performed on the parent supports and fresh sorbents. The changes in material properties
caused by the testing as well as a different degree of a metal oxide-support interaction influencing

the sorption performance are discussed.
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Highlights:

e Additive effect observed for cerium supported manganese oxide due to H,S sorption on the
support as well as on the Mn oxide
e Superior stability of zirconium supported Mn oxide in H;

e Strong metal oxide-support interaction influences the sorbent performance



Introduction

The product gas from gasification termed as a producer gas contains besides the main components
(H2, CO, CO,, CHg, C;'s, N3, H,0) some impurities such as dust, tar, NHs, H,S, COS, HCl and some trace
elements (e.g. alkaline and alkaline metal earth metals and other inorganics) [1, 2, 3]. If the use of
the producer gas requires advanced materials such as catalysts or fuel cells, the impurities need to
be removed or reduced down to a very low level .For some applications as low concentrations as 60
ppb have been reported to be necessary [4]. In the case that the gas is to be used in the Solid Oxide
Fuel Cell technology or in the Fischer-Tropsch synthesis utilizing Co based catalyst, the required H,S

limits typically are reported to be 1 ppm [5, 6].

Achieving such low concentrations is possible by solvent based absorption methods. However, the
processes may lower the thermal efficiency due to cooling and subsequent reheating of the gas and
the investment cost is often too high [7 - 9]. The use of solid sorbents has become increasingly

important in biomass based process where the capacity of the plant is fairly small.

Mn oxides are together with Zn- and Fe-based sorbents often studied as suitable candidates for the
H.S removal from the producer gas. However, the high temperature can induce a formation of
carbides and metallic Zn for the Fe and Zn oxides respectively [7, 8]. This may suppress the sorbent
capacity and even cause some problems in the downstream processing. It has also been reported
that the H,S sorption kinetics, which is one of the key parameters when choosing a suitable sorbent,

is more favorable for the Mn oxides when compared to the Zn ones [10].

An important aspect when selecting a sorbent is its durability and stability under the reaction
conditions. In a recent work, performed with a model producer gas and using Mn,O,-Al,O3 sorbents,
some performance decay over multiple sorption/regeneration cycles was observed [11]. As it was
suggested that the use of alumina may be partly responsible for the deactivation, the use of other
supports for the Mn oxide was examined. In this contribution we first present H,S sorption data

obtained for the parent supports in order to clarify whether the supports themselves are capable of



removing H,S from the model gas mixture under the experimental conditions used. The sorption
performance for Mn oxides supported on CeO;, ZrO, and TiO, are then compared to the performance

of Mn0y-Al,03 and also considering the performance of the parent support.

Characterization by means of fundamental methods is also presented here which allows evaluating
the material properties relevant for the sorption as well as the change of the properties upon the
multiple sorption/regeneration cycles. A particular attention is also devoted to the interaction
between the support material and Mn as it is reasonable to expect that it may influence the sorbent

performance.

Experimental

Chemicals

All chemicals and gases were used as received without further purification. The y — alumina support
LOT# B5160010 and purity 96 % was obtained from Strem chemicals. Mn(NO3),.4H,0 purum p.a. and
Titanium (1V) oxide puriss was purchased from Sigma Aldrich. Zirconium oxide LOT#J10T008 was
received from Alfa Aesar. Cerium (lIl) nitrate hexahydrate, 99.99 % metal basis was purchased from

Sigma Aldrich.

Sample preparation

As-received alumina was calcined in an oven under static air conditions at 500 °C for 10 h prior to its
functionalization with Mn. The CeO, support was obtained by the heating of the cerium nitrate
precursor in an oven under air static conditions at 600 °C for 10 h [12]. As-received TiO, was also
treated in air under static conditions at 700 °C for 10 h prior to its impregnation with the Mn salt in

aqueous solution [13].



The manganese sorbents were prepared by the wet impregnation method using the Mn nitrate
precursor, the parent supports and deionized water. Following the impregnation, the samples were
dried at 100 °C for 24 h. Calcination of the samples was performed at 600 °C in static air for a period
of 5 h. The heating rate used was 1 °C/ min. The nominal Mn loading was 15 wt. %. The sorbent
samples are assigned with a prefix Mn15 followed by the support name used; e.g. Mn15-Al,0s. The
regenerated samples after the multiple sorption/regeneration cycles are denoted with an affix —R;

e.g. Mn15- Al,Os-R.

Instrumentation

Nitrogen adsorption-desorption isotherms were measured using a Micromeritics TriStar 3000
instrument. Prior to the measurement, the samples were outgassed at 100 °C for 12 hours. The
specific surface area of the solids was evaluated by the BET method (Brunauer-Emmett-Teller) in the
range of relative pressures p/po = 0.1- 0.3. The pore size distributions were obtained from the

adsorption branch of the isotherm using the Broekhoff — De Boer algorithms [14].

X-ray diffraction analysis (XRD) of the solid materials were performed on a Bruker AXS D8 Focus

diffractometer using CuK, radiation (A=1.54 A).

Raman spectroscopy measurements were performed on a Horiba Jobin Yvon, LABRAM HR 800

instrument. A laser excitation source of 633 nm was used and focused with a 50 X objective.

TPR measurements were performed on an in-house built apparatus [15]. Typically, the sample was
heated in the temperature range 50 — 850 °C using a heating rate of 10 °C/min. For the CeO, and Mn15-
CeO; sample, an extended temperature range 50 — 1000 °C was used. The reduction behavior of the

samples was measured in a gas mixture consisting of 7 vol. % of H, in Ar.



The laboratory set-up used to measure the sorption-regeneration cycles consists of a gas feeding and
metering system, a quartz fixed bed reactor and an analytical section. The set-up is described in
detail elsewhere [11]. The gas concentrations are measured continuously by a ThermoStar GSD 320
T1 C analytical system equipped with a quadruple mass spectrometer QMS 200 using a secondary
electron multiplier (SEM) or Faraday cup detector. The set-up was used without any significant
modification. However, an additional thermocouple was installed on the external wall of the quartz

rector in order to monitor the changes of the reactor temperature.

Prior to the sorption experiment, the sample was reduced in-situ in the H,/N, mixture (50 ml/min)
during the heating to the reaction temperature and then for approximately one hour before the
sorption experiments. The system was then flushed with N,. Consequently, the sorption gas was
introduced first to the bypass and when the concentration of all the presented species was stable (as

monitored by the MS), the sorption gas was directed to the reactor.

The feed gas composition for the sorption was 0.4, 39.6, 40.0 and 20 vol. % for H,S, Ar, H, and N,
respectively. A rather high H,S concentration was used in order to facilitate a large number of
sorption/regeneration cycles during the testing period. The sorbent regeneration was conducted in a
gas mixture containing 5.2 vol. % of O, in N.. The total gas flow used for the sorption and
regeneration was 50 ml/min and the sample mass was 0.1 g. The concentration of the components
present in the sorption gas was measured quantitatively as based on a regular calibration of the MS.
However, the O, and SO, concentration during the regeneration was monitored only qualitatively
following the m/z values of O, and SO,. N, contained in the model gas mixture was used as an
internal standard to calibrate the MS, while the second inert gas Ar diluted H,S in the supplied gas

mixture (1 vol. % H.S in Ar).

The sorption and regeneration were performed at 650 °C and 101.325 kPa. The sorbent particle size
was typically in the range 150 — 250 um and it was not diluted with any additional solids. The length

of the sorbent bed was approximately 4 mm and the reactor inner diameter was 6 mm. In total 13



sorption/regeneration cycles were performed for each sorbents sample while 1-2 cycles were
performed on the parent supports. The parent supports were activated/ pretreated in the reducing
atmosphere in the same manner as the Mn containing sorbents. For the Mn sorbents, the first and
the thirteenth sorption cycle were run until complete sorbent saturation while the remaining
sorption cycles were terminated when a H,S concentration of 0.1 vol. % in the outlet was reached. In
between each sorption/regeneration cycle the system was flushed with N,. During the longer breaks
between the cycles (overnight), the system was kept under N,/H, flow at the reaction temperature.
The total flow in that case was 20 ml/min and the composition was the same as used for the
activation i.e. 50 vol. % of H in N,. Afterwards, an increased flow of 50 ml/min of the same gas
mixture was used for approx. 1 h. The system was then flushed with N, and a new sorption cycle
initiated. The cycles performed after the long exposures of the sample to the reducing environment

are cycles numbered 2, 7, and 12.

Results and discussion

H,S sorption on parent supports

The parent supports were activated in the H,/N, mixture prior to the sorption measurements. The
H.S concentration profiles (H.S in the exit gas as a function of time) measured over the solids at 650
°C and 101.325 kPa are depicted in Fig. 1. For the sake of the comparison, the figure also contains
data measured in an empty reactor. Generally, the first part of the H,S concentration profile
measured represents the period when a stable flow of the sorption gas is established in the bypass.
After this period, the sorption gas is directed to the rector, which is observed as a step change in the
H.S concentration. Then, depending on the sample ability to capture H,S from the model gas, the low
H.S concentration is retained indicating that H,S is efficiently removed by the material. The minimal
H.,S concentrations measured in this period were typically in the range 0 — 100 ppm. This period

provides a quantitative measure of the sample performance and can be used to estimate the sorbent
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capacity. After this period the H,S concentration returns back to its original value which is often
assigned as the breakthrough. An irreversible, continuous rise of the H,S concentration above

approx. 100 ppm was used as the breakthrough point to calculate the sorbent capacity.

As seen in Fig. 1., the results obtained in the empty reactor suggest that there is no considerable H,S
adsorption in the reactor system as the H,S concentration returns nearly instantly to its original value
upon letting the gas into the reactor. This provides a good baseline for the measurements on the

supports.

Results for the TiO, support show that there is only a slightly larger H,S adsorption than the one
observed in the empty reactor. From the experimental data it is impossible to distinguish to which
extent the diffusion of H,S through the solids bed might be responsible for this behavior. It can
however be concluded that the H,S adsorption on the reduced TiO; support under the experimental

conditions is minimal.

Al,0O5 shows a higher H.,S adsorption ability than TiO,, but also in this case the capacity is rather low.
On the other hand, the pre-reduced ZrO, shows a noticeable ability to adsorb H,S from the model
gas. The H,S concentration profile recorded on the sample exhibits a typical sorption behavior as
previously observed on the Mn,0,-Al,0; sorbents under similar conditions [11]. The reduced cerium
oxide also shows a considerable H,S sorption capacity. However, in the latter case a significant "pre-
breakthrough" sorption is observed. This is not an unusual sorption behavior as a similar sorption
feature was observed by others for CeO, [16, 17]. Some authors attributed this phenomenon to the
reaction of S that may remain in the set-up from the previous regeneration run with H, present in the
model gas [17]. This may however not be the case in this study as the start-up procedures were
identical for all the samples and the only sample that exhibits this behavior is the cerium oxide.
Hence a series of additional experiments was performed with an aim to shed more light on this
sorption characteristic. The experiment were conducted with two particle sizes in the range 50 — 150

um in addition to the standard particle size used for the experiment (150 — 250 um). The results



obtained on the finer fractions were however fairly identical to those presented in Fig. 1. It may
therefore be suggested that a variation in the thickness of the sulfided layer (Ce;0,S) formed on the
solid and the consequent H,S diffusion through this layer probably is not responsible for the sorption
characteristics observed on the CeO, sample, at least not with the particle sizes used in these
experiments. There are possibly also some other reasons that may cause this behavior which will be
discussed together with the characterization data. The overall sorption capacity of the supports

tested decreases in the following order (1):

CeO, > Zr0O;, > Al,O5 > TiO,

The fact that the metal oxides reacts with H,S suggests that the materials shall not be regarded as
“true” supports in this work. H,S sorption on various unreduced metal oxides was in detail studied by
Ziolek et al. [18, 19]. The mechanism of the H,S interaction with the solids was discussed in the light
of the acid/basic site strength which was coupled with the activity measurement of the sulfided and
un-sulfided solids in several test reactions [18, 19]. However, the experimental conditions and the
set-up to measure the H,S sorption were quite different from the conditions used here. Therefore it
is not attempted to make a direct comparison of the absolute sorption capacity values but rather
focus on the overall trend. The reactivity patterns of the solids as represented in the sequence (1)
are in line with the results presented by Ziolek et al. A considerable sorption takes place on the
oxides having the highest number of basic sites (CeO, and ZrO;), while the solids possessing a
considerable Lewis acid site strength (TiO, and Al,Os) show rather low reactivity towards H,S [19].
Interestingly, the results presented on the H-treated solids (Fig. 1) and unreduced materials [18]
show an identical trend. For both ZrO; and Ce0; it is expected that oxygen contained in the materials
plays an important role as it is thought to be replaced by S.4s"' upon the dissociative H,S adsorption
on ZrO, or directly exchanged by sulfur upon H,S adsorption on CeO, [18,19]. As a considerable H,S
sorption is also observed on the reduced solids (Fig 1.), the susceptibility of the oxygen species for

the interaction with sulfur persists and is not prevented by the reduction. For the CeO; material it
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was shown that its sorption performance is improved after activation in H, as the reduced oxide was
capable of more efficient removal of H.S from the producer gas [17]. Also for a pre-reduced ZrO; it
was shown that the material reacts with H.S in an increasing amount in the tested temperature
range 30 — 400 °C [20]. It was also deduced from the TPD and TPR experiments that the adsorbed S
species are highly stable under reducing conditions in contrast to oxidizing conditions when their

removal will likely take place via SO« formation [20].

H.S sorption on supported manganese oxide sorbents

Experimental data obtained on the reduced Mn based sorbents together with the data measured on
Zr0, and Ce0,, are shown in Fig. 2. The results were collected in the same manner as the results for
the parent supports except that the former data are collected over a larger number of
sorption/regeneration cycles. As shown in Fig. 2, the sorption characteristic are quite alike for the
Mn15-Al,0; and Mn15-ZrO; samples, both showing a typical sorption behavior observed previously
for the alumina supported manganese oxides under similar conditions [11, 21, 22]. The sorption
characteristics are also similar for the Mn15-CeO; and Mn15-TiO, samples, however the measured
H.S concentration profiles depart from the standard behavior as a considerable "pre-breakthrough"
concentration is observed. This is a similar feature as observed on the reduced cerium oxide (Fig. 1).
As mentioned earlier, one of the reasons for this behavior indicating a slowdown of the gas-solid
reaction governing the sorption process may be the diffusion through the increasing sulfidation
product layer at the high conversions of the metal oxides. However, the gas-solid reactions are
inherently difficult, both from the experimental and data interpretation aspects, thus there might

also be some other reasons leading to this behavior.

The development of the sorption capacity over the 13 sorption cycles is presented in Fig. 3. For the

sake of the clarity, the maximal capacity is also shown in the figure. This is a theoretical value defined
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as the amount of H,S needed for a complete conversion of MnO to MnS (Reaction 1) considering the

actual H,S flow and the amount of MnO per gram of sample loaded in the reactor.

MnO-support + H,S > MnS-support + H,0 (1)

The variations in the sorption capacity for the tested materials already indicated in Fig. 2 are further
clarified in Fig. 3. The sorption capacity is calculated from the measured H,S concentration profiles,
using the time before reaching the breakthrough, given H,S flow and the amount of manganese
oxide in the sample. Hence, the reported sorption capacities can be regarded as effective sorption

capacities rather than the total sorption capacities.

The initial sorption capacity decreases in the following sequence (2):

Mn15-Ce0; > > Mn15-Al,03 > Mn15-Zr0, > Mn15-TiO,

The highest initial capacity is obtained for the Mn15-CeO; sample and the measured capacity
exceeds the maximal, theoretical value. The theoretical value is calculated assuming that it is only the
manganese oxide that reacts with H,S (Reaction 1). However, the results presented on CeO, show
that the cerium oxide itself reacts with H,S. Therefore there is a certain additive effect when both Mn
and Ce oxides capture H.S. Besides the cerium oxide it was also ZrO, that showed a distinct ability to
capture H,S (Fig. 1). In the latter case the additive effect is not apparent as the Mn15-ZrO, sample
show only moderate sorption capacity comparable to the one observed for the Mn15-Al,03 sample.
The different sorption behavior observed for the Ce and Zr oxides upon the functionalization with Mn
can be related to the accessibility of the oxygen species for the interaction with sulfur. Both the
oxides possess strong basic sites that may interact with the manganese ions contained in the acidic
solution of the nitrate precursor during the preparation. During the calcination, residues of the
manganese salts and solvating water are removed and some condensation, resulting in bond
formation between the support surface oxygen and manganese may occur [23]. This may indicate

that the surface lattice oxygen is then less susceptible for the interaction with H.S and it may rather
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be the bulk lattice oxygen that participates in the sorption process. As the additive effect is observed
for the Mn15-CeO, sample only, it is assumed that the bulk lattice oxygen of the cerium support has

more labile character when compared to the Mn15-ZrO, sample and can react more readily with H,S.

When comparing the initial sorption capacity (cycle 1), it is observed that the lowest initial sorption
capacity is measured for the Mn15-TiO, sample (Fig. 3). The second sorption cycle, and also the 7"
and the 12" cycles, were performed after approx.12 h exposure of the sample to H; at 650 °C. It was
previously observed that this treatment has a significant effect on the performance of the Mn,O,-
Al,Os sorbents [11]. Here it can be emphasized that the producer gas has a strong reductive
character due to the presence of H,, CO and CH.. It is therefore essential to know the impact of the
reducing environment on the samples performance. Similarly, the sample activation in a reductive
gas appears to be relevant to use as it should lead to the species thermodynamically stable in the
model producer gas at the given conditions. As seen in Fig. 3, the sorption capacities in the second
cycle drop significantly for all the samples when compared to the results from the first sorption cycle.
This is a typical behavior observed also by others [22]. It is therefore unlikely that the treatment in H,
itself that precedes the measurement is responsible for the capacity drop in the second cycle. It is
more appropriate to judge the impact of the H, pretreatment from the results obtained in cycles 7
and 12. In these cycles, for most of the samples, a substantial drop in the sorption capacity occurs.
The only sample that appears to be unaffected by the treatment is the Mn15-ZrO, sample. On the
other hand, the most pronounced capacity drop is observed for the Mn15-TiO, sample. For the latter
sample, the sorption capacity was too low. The measured outlet H,S concentration as high as 1000
ppm was observed already at the beginning of the run, which did not permit the sorption capacity to
be calculated in the same manner as for the remaining samples. The Mn,0,-Al,O3 sorbents tested at
450 °C also showed the lower sorption capacity after the H, pre-treatment and similarly as the results
presented here, the subsequent exposure to O, during the sorbent regeneration recovered the
capacity. It was suggested that the H, treatment may form species with lesser number of active sites
for the interaction with H,S while the rapid, exothermic O, regeneration may recreate the sites [11].

13



As the capacity drop is most pronounced for the titania-based sample after a high-temperature
reduction step another effect, a strong metal-support interaction (SMSI) should be mentioned here
as well. In the original paper by Taster et al. introducing the SMSI phenomena a series of
experiments was performed on group 8 metals supported on TiO; [24]. These experiments, similarly
as later on conducted by others [25], included the measurement of the H, and CO chemisorption
upon various treatments e.g. low, high temperature reduction and oxidation. It was shown that the
high temperature reduction remarkably lowers the H; and CO uptake which was however nearly
completely restored after the oxidative treatment at high temperature (400 °C) [24]. The
chemisorption experiments using H,, CO or O, are often used as a measure of the metal dispersion;
however the results presented by Taster et al. are quite similar to that what is observed in this work
i.e. the drop of the sorption capacity after the high-temperature reduction and its subsequent
recovery after the high-temperature oxidative treatment. The SMSI effect is typically observed for
titania supported noble metals, however a strong metal-oxide-support interaction as deduced from
the XPS measurements was also reported for the titania supported manganese oxides [26]. The SMSI
effect leading to the formation of an intermetallic phase between the support and the active specie
is associated with supports that are to some extent reducible [24, 25]. Among the examined
materials cerium oxide is also reducible and the same effect, a considerable drop in the capacity after
the H; treatment is also observed when this material is the support. It may suggest that the drop in
the capacity can be associated with the SMSI effect in the latter case as well [27]. Interestingly, it is
also these two sorbents (Mn15-Ce0,, Mn15-TiO,) that show the "pre-breakthrough" feature in their
sorption characteristic (Fig. 2). As mentioned, the observed sorption behavior is complex and there
are likely to be several reasons causing it. However, the SMSI effect might be one of the reasons
giving rise to such a behavior. The overall stability of the samples after the H, treatment can be

represented by the following sequence (3):

Mn15-ZrO, > Mn15-Ce0; = Mn15-Al;03 > Mn15-TiO;
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The data obtained for the Mn15-ZrO, sample (Fig. 3, cycle 7 and 12) indicate that the sample
sorption performance may actually be slightly improved after the H, treatment. Whether the
prolonged reduction gives a structure with an enhanced H,S sorption ability or simply decomposes
some remaining sulfidation products by reaction with H; at a high temperature and regenerates the

sample more thoroughly is impossible to resolve as based on the presented data.

Apart from the partly recoverable sorption capacity drop caused by the H; treatment, an overall
deactivation of all the samples is observed during the 13 cycles. When comparing the capacities for
the first and the last cycle, it is seen in Fig. 3 that the most significant drop is observed for the Mn15-
Ce0; sample while the Mn15-ZrO; and Mn15-Al,05 samples show approx. 50 % drop in the capacity
values. The least deactivation is observed for the Mn15-TiO, sample and its activity in the last cycle is
only slightly lower when compared to the other samples. The possible deactivation reasons in detail
discussed previously for the Mn,O,-Al,03 sorbents included the support transition, transformation of
the Mn oxides and incomplete regeneration [11]. In the characterization part, it will be discussed

how these aspects may possibly affect the deactivation for the other support than alumina.

Characterization

N sorption measurement

The textural properties of the parent support materials, fresh sorbents as well as the regenerated
sorbents as obtained from the N, sorption measurements are shown in Table 1. Results collected on
the parent supports show a large variation in the sample surface areas ranging from approx. 140
m?/g obtained for the y-alumina support to approx. 7 m?/g measured for TiO,. According to the
IUPAC classification, the solids are characterized as mesoporous, having average pore widths in the
range 2 — 50 nm. After the functionalization with Mn and subsequent drying and calcination, the

surface area becomes lower and there are also some changes in the pore width and volume when
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compared to the parent supports. The drop in the surface area was observed previously [11] and is
expected as a relative large portion of the porous solid (15 wt. %) is occupied by the Mn oxides that
are likely having a low porosity. The changes in the pore width are rather small; however, the pore

volume is lowered for most of the samples.

The most pronounced changes in the textural properties are however observed for the samples upon
the testing. It appears that the cyclic (sorption/regeneration) operation causes a remarkable drop in
the surface area, a noticeable expansion of the pores and a partial loss of the pore volume. This
general trend is observed for all the samples except for the pore width assessment of the titania
sample. In the previous study, an identical trend was observed for the Mn,O,-Al,O; sorbents [11]. It
was suggested that the nearly virtual loss of porosity was associated with the alumina transition and
sintering. These processes were believed to be induced by the highly exothermic regeneration
reaction and the presence of Mn that may possibly accelerate the changes. On the sintering, an
agglomeration of the primary sorbent particles takes place which may encapsulate the Mn species
responsible for the interaction with H,S. This may lead to the deactivation as observed in Fig. 3.
Similarly, the shrinking surface area of the solids may induce sintering of the manganese oxide, which

may result in the formation of particles whose sulfidation/regeneration may become more difficult.

The most significant drop in the sorption capacity is observed for the Mn15-CeO, sample (Fig. 3),
which is also the sample that shows the largest drop in the surface area after the testing. The
structural changes affect strongly the rate of the gas-solid reaction and a rapid sintering will reduce
the reaction rate [28]. It can therefore be suggested that the high degree of deactivation observed
for the cerium based sample can be caused by its sintering. Provided that the sintering is sufficiently
fast and occur to some extent already during the activation, it may also be partially responsible for
the "pre-breakthrough" sorption characteristic as observed on the parent CeO, sample (Fig. 1). It can
be speculated that the sample preparation including calcination at higher temperatures can

somehow affect this behavior.
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When considering the surface areas of the supported Mn oxides and the initial sorption activity of
the corresponding samples (Fig. 3), it is observed that the high surface area of a material will not
necessarily mean a high sorption activity. The highest activity is observed for the Mn15-CeO:; likely
due to the additive effect of the Ce and Mn oxides while the surface area is of lesser importance.
Similarly, the deactivation rate is not directly proportional to the loss of surface area. In either case
the solids textural properties may however give some indication about the sample sorption

performance.

X-Ray Diffraction (XRD)

The diffraction patterns obtained for the parent support materials; supported Mn oxides and
sorbents regenerated after the 13™" cycle are depicted in Fig. 4. As seen in Fig. 4, the crystallographic
properties of the parent supports vary significantly and a different degree of crystallinity is observed.
The parent y-alumina shows a rather broad diffraction pattern indicating a low degree of the long-
range order. The crystallinity degree appears to be higher for ZrO, and CeO; and even higher for TiO;
that is characterized by well-defined narrow diffraction lines. The zirconium support consists of
monoclinic phase (PDF 00-037-1484) and tetragonal ZrO; as indicated by reflection at 2-theta of 30.5°
(PDF 01-079-1769). Ce0O, and TiO, contain pure cubic fluorite structure (PDF 04-013-4361) and

titanium anatase structure (PDF 00-064-0863) respectively.

After the impregnation with Mn and subsequent drying and calcination some new patterns emerge,
which is most prominent for the Mn15-Al,0; sample as the new patterns are not superimposed by
the support diffraction lines. Upon a closer inspection (Fig. 4), the new features are also observable
on the other substrates than alumina. The new diffraction lines observed after the impregnation are
attributed to Mn,0s. The presence of this oxide can be expected when considering the manganese
precursor used, Mn loading and calcination temperature [11, 23, 29, 30]. These factors have a strong

influence on the properties of the manganese species formed during the preparation. It was reported
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that the use of acetate precursor may lead to the formation of the surface manganese oxide layer on
alumina while the use of the nitrate precursor will result in a formation of small crystallinities of
manganese oxide on the alumina surface [23]. Herein, the nitrate Mn precursor was used in the
sample preparation allowing for a facile one-step impregnation suiting well to a comparative purpose

of the study.

The Mn,0s3 particle size estimated by the Scherrer equation gives comparable particle sizes of 35 and
34 nm for the zirconia and alumina based samples respectively. The Mn;0s3 particle size on the titania
support was slightly higher (approx. 40 nm) while the Mn,03 particle on the CeO, support was lower;
estimated to be 17 nm. The larger Mn,0s particle size observed for the low surface TiO; is somehow
expected as the support has a low surface area and thus a limited ability to disperse Mn. Indeed, the
monolayer surface coverage estimated to be 0.0532 wt. % Mn per m? of the support [31] indicates
that a monolayer of Mn oxide is established on all the supports. The largest excess of the Mn species
beyond the Mn amount needed for the monolayer formation can then be expected for the low
surface titania. This possibly results in the formation of the larger particles. On the other hand, the
CeO; support may react with the Mn species during the preparation and form solid solution [32]
which may restrict the growth of Mn,0s particles. The latter aspect will be also discussed in the

Raman section.

Results collected on the regenerated sorbents are also depicted in the Figure 4. Results presented for
the Mn15-Al,03-R sample show Mn304 and MnAl,O4 phases which is in an agreement with others
[21, 22]. The chemistry beyond the spinels formation was discussed in detail previously [11]. It was
also suggested that despite the relatively low temperature used for the sorption/regeneration some
transition of the y-alumina support can be induced by the presence of Mn and the exothermic
regeneration [11]. In this work the exothermic nature of the regeneration was observed when the
reactor temperature increased by approx. 15 °C during the regenerations. There was however not a

clear trend in the temperature difference measured for the various samples.
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For the remaining regenerated sorbents, the presence of the Mn3;0, phase is also detected although
its diffraction pattern is not that clearly distinguishable from the supports diffraction lines. The
obtained patterns also indicate the presence of mixed cerium manganese oxide (PDF 00-064-0204)
and MnTiOs (PDF 00-029-0902) on the CeO; and TiO; supports respectively. Furthermore, rutile TiO,
phase (PDF 01-089-0555) is detected on the Mn15-TiO»-R sample. This indicates that the titania
support undergoes a partial phase transformation during the testing. This phase transformation
normally occurs at higher temperatures (above 800 °C) [33] which may suggest that the presence of

Mn may lower the phase transition temperature as it was proposed for the Mn/alumina system.

The presence of crystalline sulfur species on the regenerated solids may reveal the quality of the
regeneration reaction. When conducting the regeneration experiments at 450 °C manganese sulfate
was detected by XRD on the regenerated samples [11]. The regeneration performed in this work
seems to be more efficient as the XRD patterns do not reveal the presence of sulfates in any of the
regenerated sorbents. This is likely to be a result of the higher regeneration temperature used.
However, as seen in Fig. 4, the presence of MnS is revealed in the most of the regenerated samples.
Furthermore, the presence of cerium-oxide-sulfide Ce,0,S (PDF 00-026-1085) is also indicated on the
Mn15-CeO, sample. This therefore indicates that the complete regeneration of the cerium support
and the Mn sorbents is not achieved under the experimental conditions. The only sample that does
not clearly show the MnS pattern is the Mn15-TiO,-R sample. It is difficult to conclude whether this is
due to the overlap of the MnS and TiO; patterns or due to a more efficient regeneration. It is
however observed (Fig. 3) that the latter sample shows the lowest deactivation which may speak in

favor of a more complete regeneration.

Raman spectroscopyRaman spectroscopy is a valuable tool to study supported metal oxides. Due to
the probing depth it is especially sensitive to the surface species and it is therefore often regarded as

a complimentary technique to XRD that gives information about the bulk structure. However, during
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the Raman measurements on the Mn oxides, sample fluorescence and instability in the light is often

encountered.

The reference Mn oxides and the Mn,0,-Al,0; sorbents were studied in detail in the previous works
[11, 30]. The most Raman active reference oxide is Mn3O4 with a prominent peak at 667 cm™ and
additional peaks at 298, 327 and 382 cm™. Mn,03; and MnO, are considerable less Raman active
however also these oxides show a characteristic spectral profile. The spectral profile for Mn,0s;
consists of three main peaks detected at 319, 406, 708 cm™ while MnO, shows the Raman peaks at
523, 582 and 656 cm™. In agreement with others [34], the peaks detected at 667, 705 and 523 cm?
are chosen as the characteristics for Mn3;04, Mn;03; and MnO; oxides respectively. The exact position
of the peaks may vary to some extent due to the samples light sensitivity and the presence of a thin

water layer present on the samples when collecting the spectra under ambient conditions [26, 35].

The Raman spectra of the supports used, supported Mn oxides and regenerated sorbents are
presented in Fig. 5. The parent y-alumina does not show any peak in the spectral region used which
makes it particularly suitable for the examination of the alumina supported species as long as its
fluorescence is suppressed. The spectrum obtained on the Mn15-Al,03; sample is fairly consistent
with our previous results reported for the Mn,O,-Al,0; sorbents [11]. The peaks detected at
approximately 319, 410 and 700 cm™* are associated with the presence of Mn,0s, which is expected
from the XRD data. Additional features at 520 and a peak shoulder at 660 cm™ are likely related to
the presence of MnO,. The later surface species were not detected by XRD which may suggest that it
has an amorphous character. The spectrum recorded on the regenerated sample Mn15-Al,03-R is
also in a good agreement with the previous results. The spectrum shows the presence of Mn;04 with
its prominent peak at approx. 660 cm™. Other species detected by XRD on the same sample are not

revealed by the Raman measurements.

The spectral profile of ZrO; is associated with the presence of the monoclinic and tetragonal ZrO;

phases, which is in the line with the XRD results. The monoclinic phase (m-ZrO,) with a prominent
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peak at 480 cm™ and the peaks corresponding to the tetragonal phase (t-ZrO2) at 315 and 640 cm'?
are clearly recognized in the spectral profile (Fig. 5). The recorded spectrum is in a good agreement
with the results reported by others [33, 35]. After the impregnation with Mn, the spectral
characteristics of the support nearly disappear and a poorly defined spectrum is obtained (Mn15-
Zr0;). The broad peaks centered at 350, 460, 550 and 640 cm™ are likely to be contributions from
both the support as well as the Mn oxides. The spectrum is somehow comparable to that obtained
for the Mn15-Al,03 sample although the feature associated with the presence of Mn,0s; detected at
approx. 700 cm™ for the latter sample is not that well recognized. Instead a broad peak centered at
640 cm™ emerges which may suggest a larger amount of the surface MnO,. Also the regenerated
sample Mn15-ZrO,-R is comparable to the one recorded on alumina (Mn15-Al,03-R) showing the

presence of Mn30,.

The parent TiO; support, similarly as reported by others [26, 33, 35], shows the characteristics of the
TiO; anatase phase with peaks detected at 400, 520 and 640 cm™. After the functionalization with
Mn, the peaks broadening and a peak shoulder at 350 cm™ is observed for the Mn15-TiO; sample.
The observed changes reflect the presence of the manganese oxide crystals on the TiO; surface [26].
For the regenerated sample Mn15-TiO,-R the anatase spectral characteristics are still preserved,
however some new features observed as a broad peak centered at 450 cm™ and a peak shoulder at
620 cm™ are recognized. These features are associated with the rutile TiO, phase [33]. A spectral

feature at 660 cm™ detected on the Mn15-TiO,-R sample indicates the presence of MnsOa.

The cerium support exhibits a prominent peak detected at approx. 645 cm™. This peak is a
characteristic of the fluorite structure and is attributed to triply degenerate F,; mode [36]. The
spectrum is altered upon the impregnation with Mn as the prominent peak is broadened, shifted
towards a lower wavenumber and shows a well-recognized shoulder. Moreover, some broad peaks
centered at 560 and 650 cm™ are observed. These observations are consistent with results reported

by others for the Ce-Mn systems [32]. Based on the results from Raman and ESR it was suggested
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that the perturbation of the fluorite structure was due to formation of solid solution when Mn?* ions
substitute Ce* having a similar radius [32]. The presence of consequently formed oxygen vacancies
in the CeO;, lattice should result in a weak Raman peak at approx. 600 cm™ [36]. This peak is not
clearly observed (Fig. 5) due to the presence of Mn oxide and also due to the possible interaction of
the Mn oxide with the defect oxygen sites. Interestingly, the prominent peak returns to its original
position and becomes sharp indicating improved crystallinity of the sample after the testing (Mn15-
Ce03-R). This may corroborate with the XRD and N, sorption results presented earlier indicating
sintering of the CeO, support. After sintering, a consolidation of the oxide matrix is normally
observed which is accompanied by the loss of porosity. It should be re-emphasized that the observed
behavior, due to the sampling depth of the Raman laser, represents the surface and subsurface of
the solids while the bulk structure can remain relatively unaltered. Besides the changes of the
prominent peak shape and position, new features at 325, 375 and 665 cm™ are observed on the
regenerated sample (Mn15-CeO,-R). Similarly as for the remaining regenerated samples, these peaks

are likely to be associated with the presence of Mn30..

Temperature-Programmed Reduction (TPR)

It was mentioned earlier that the producer gas has a reductive character and therefore information
regarding the reduction behavior of the tested materials is essential. In a TPR experiment, a solid
sample is, on its heating by a specific rate, exposed to a diluted reduction gas e.g. H,. The gas
consumption is measured as a function of temperature and from the measured data; the sample’s
reduction characteristic is obtained. For more information about the method and information
obtainable from the TPR experiments see e.g. [37]. The reduction profiles recorded on the parent
supports and fresh sorbents are shown in Fig. 6. As expected for most of the supports nearly no
hydrogen uptake is observed. Some minor uptake is however seen for the parent Al,03 and ZrO,

supports at higher temperatures. These are possible related to water being driven off from the
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sample as a consequence of hydroxyl condensation. For the TiO, support some minor H, uptake is
observed as well. In this case some dehydroxylation of the sample occurs as well which is
accompanied with the Ti* to Ti** reduction. The extent of the titania reduction is minimal, which is to
be expected and in agreement with others [26]. However, the titania reduction is one of the reasons
for the SMSI effect mentioned earlier. On the other hand, a considerable degree of reduction is
observed for the cerium support showing reduction peaks at 540 and 900 °C. The CeO; reducibility
was a subject of numerous studies and it is generally agreed that the lower temperature peak is
associated with the Ce reduction on the surface while the bulk reduction takes place at higher
temperatures [38, 39]. Variations in the sample preparation will result in various ratios between the
two reduction peaks [39]. This reduction pattern may also be relevant for the sorption behavior of
the ceria samples exhibiting the pre-breakthrough H.,S sorption. Several reasons for this behavior
were already proposed including the diffusion through the sulfidation product layer and substantial
changes in the textural properties. The presented reduction behavior of the ceria support may also
suggest that there is some duality of the sorption sites with the first part located on the samples
surface and possibly representing the pre-breakthrough and the second part which is less accessible

and located in the bulk structure.

The supported Mn oxides (Fig. 6) show some common reduction features. For all the samples except
for Mn15-TiO,, two main reduction peaks are clearly seen and these are accompanied by a rather
broad reduction feature detected at lower temperature when compared to the two main peaks. The
Mn15-TiO, sample shows a shoulder on the main reduction peak with a minor peak at approx. 390
°C. This makes also the reduction behavior of the latter sample comparable with the remaining
samples. Beside the three main reduction peaks an additional broad reduction peak is detected at
approx. 870 °C for the Mn15-CeO, sample. This is most likely related to the reduction of the bulk of

CeO..

23



The three step reduction of the supported Mn oxides was observed previously for the Mn,O,-Al,O;
sorbents [11, 30, 40] and attributed to the reduction of MnO, to MnO proceeding through Mn,03

and Mn30, as indicated in the following sequence (4):

MnO; - Mn;03 - Mns04 - MnO

In principle, the main reduction behavior should also be similar for the other supports. Hence, it is
proposed that the first peak (Mn15-ZrQ,, Mn15-TiO,, Mn15-Ce0,) or a broad shoulder (Mn15-Al,0s)
is due to the reduction of MnO; to Mn;0s. The presence of surface MnO; on Al,03 and ZrO, was
shown by the Raman spectroscopy. The TPR data suggest that the latter species are to various
degrees present on all the samples. The subsequent reduction of Mn;0s3 to Mn30;, is the second
reduction step observed as a reduction peak (Mn15-Al,03, Mn15-ZrO,, Mn15-CeQ,) or as a shoulder
at 495 °C for the Mn15-TiO; sample. And finally the Mns;04 reduction to MnO is observed as a strong,

high temperature reduction peak that is detected for all the samples.

For the Mn oxides supported on TiO; it was proposed that the very first feature observed here as a
baseline elevation prior to the first peak at 390 °C can be attributed to the Ti* to Ti** reduction
because of its interaction with manganese oxide [26]. For the Mn15-CeO, sample, reduction of the
Mn-Ce solid solution and possibly also some reduction of the surface Ce* may contribute to the

three main reduction peaks.

The fact that the reduction peaks for the various supports are detected at different temperatures
suggests a different degree of interactions between the support and Mn. Typically, the higher
reduction temperature, the higher degree of the interaction. This would suggest the strongest
interaction between Mn and titania, which is not surprising as the strong-metal-support-interaction
(SMSI) effect is expected. Mn with alumina is also interacting substantially in this context. In the
latter case the effect of the large surface area (largest of all the supports used) giving a large number

of anchoring hydroxyl sites is likely responsible for the interaction. The large surface area of the
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sample could also cause the broadness of the reduction peaks. This is in contrary to the low surface

Mn15-TiO, sample showing a poorly resolved reduction pattern.

On the other hand, a considerably weaker interaction may be expected for the Mn15-CeO, and
Mn15-ZrO; as based on the results in Fig. 6. Here a relatively low surface area of the supports
certainly plays an important role. Another factor that may be considered in this regard is the
reduction behavior of unsupported nano-sized Mn oxides as it was shown that for the Mn oxides the
reduction temperature increases with the particle size [41]. This may imply that the sample with the
lower Mn particle sizes (Mn15-CeO,) would be reduced at lower temperature, which agrees with the

reported results (Fig. 6).

Conclusion

A series of sorbent materials consisting of manganese oxides supported on various supports was
prepared. The presented work then combines the results obtained from the material testing and
characterization. As shown, the sorbent performances exhibit noticeable differences in terms the
initial sorption capacity, stability during the 13 cycles and stability in H,. These variations are
attributed to the support properties and the way the support interacts with Mn as there was no
other variable included neither in the sample preparations nor in the testing. It is shown that the use
of a specific supports affects the particle size of the Mn oxide on the calcined solids. The support
determines the strength of the Mn oxide/ support interaction and possibly also influences the

MnO,/MnO:s ratio on the solids after calcination.

An optimal performance with a stable and high H,S capacity was not observed on any of the tested
sorbents as the material with a high initial capacity tend to deactivate rapidly. The deactivation
seems to be related not only to the use of the materials at high temperature but also to the reducing

atmosphere which the producer gas represents. However, in case of the model producer gas used, it
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is shown that the stability in reducing atmosphere is considerably improved when zirconia is used as

a support for Mn. The highest initial capacity is observed for cerium supported Mn oxides due to the

additive effect. These conclusions may suggest that in a rational design of a new sorbent these two

components shall be present in order to achieve the optimal performance.
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Figures and tables
Figure 1.

H,S concentration profiles (H,S in the exit gas as a function of time) measured over H, treated metal
oxides at 650 °C and 101.325 kPa. Feed gas composition 0.4, 39.6, 40.0 and 20 vol. % for H,S, Ar, H,
and Ny respectively. For the sake of the clarity, the concentration profiles are normalized to 0.4 vol. %
(4000 ppm) H,S reactor inlet concentration and shifted along the y-axis.

Figure 2.

H,S concentration profiles (H.S in the exit gas as a function of time) measured over reduced Mn
supported oxide at 650 °C and 101.325 kPa. Feed gas composition was 0.4, 39.6, 40.0 and 20 vol. % for
H.,S, Ar, H, and N, respectively. For the sake of the clarity, the concentration profiles are normalized to
0.4 vol. % (4000 ppm) HsS reactor inlet concentration and shifted along the y-axis. Data collected on
the support materials depicted by dashed lines.

Figure 3.

Sorbent capacity development measured over 13 sorption/regeneration cycles. Cycles 2, 7 and 12 are
performed after approx. 12 h exposure to Ho/N, at 650 °C.

Figure 4.

XRD patterns for parent supports, fresh Mn sorbents and sorbents regenerated after the 13" sorption
cycle. ® Mn,0; (PDF 00-041-1442), ° Mn30,4 (PDF 04-007-1841), * MnS (PDF 00-040-1289), o MnAl,O4
(PDF 00-029-0880)

Figure 5.

Vis-Raman spectra of parent supports, fresh Mn sorbents and sorbents regenerated after the 13
sorption cycle.

Figure 6.
TPR profiles recorded on parent supports and fresh Mn sorbents.
Table 1.

Textural properties of parent supports, fresh Mn sorbents and regenerated sorbents upon multiple
sorption/regeneration cycles
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Sample Surface area Pore width® Pore volume®

[m?/g] [nm] [em®/ g]
Al;03 139.8 5.5 0.2715
Mn-Al,03 104.5 5.7 0.2010
Mn-Al,0s-R 61.2 8.1 0.1761
ZrO; 77.5 10.1 0.2834
Mn-ZrO; 63.0 9.9 0.2145
Mn-ZrO,-R 18.2 20.6 0.1448
CeO; 48.2 17.6 0.1719
Mn-CeO, 33.1 16.9 0.1288
Mn-CeO,-R 2.7 50.5 0.0400
TiO2 7.4 2.6 0.0358
Mn-TiO; 6.7 30.6 0.0445
Mn-TiO2-R 4.7 2.6 0.0234

9 — from Broekhoff-de Boer algorithm applied on the adsorption branch of N2 isotherm

b_accumulated pore volume
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