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Abstract

Monolith sorbents/catalysts that have potential in simultaneous removal of H,S and NH, from hot fuel gas
were developed. Preparation methodology and composition of supported honeycomb sorbents/catalysts, based
on manganese oxides modified by Fe and Cu oxides, have been optimized. Impregnated and washcoated
monolith catalysts were tested in ammonia high temperature decomposition and H,S sorption. Approaches for
improving the thermal stability and catalytic activity under reaction conditions are described.

INTRODUCTION

An effective direct usage (e. g. high tempe-
rature turbines) of the gases, obtained in the
Integrated Gasification Combined Cycle, is sub-
stantially limited, since those gases contain
undesirable impurities, first of all, ammonia
(up to 0.3 % vol. [1]) and hydrogen sulfide (0.1—
1.5 % vol. [2]). Development of an effective mo-
nolith sorbents/catalysts that allow the high
temperature abatement of ammonia via its
decomposition toward N, and H, and simulta-
neous H,S sorption is the most promising way
to solve this problem.

It is known, that the most important pro-
cesses for high temperature regenerative H,S
removal use sorbents on the base of single
or mixed-metal oxides, such as: ZnO [3], zinc
ferrite [4], zinc titanate [3, 5], CuO [6, 7],
MnO/y-Al,O;4 [2, 8] and FeO [9] or FeO/y-Al,O4
[2]. The sorbents usually provide H,S removal
from the fuel gas to levels less than 20 ppm
due to the sulfidation reaction. The gases, con-

taining steam [2, 8, 9] (in this case H,S is de-
sorbing in a high concentration), or O,/N, mix-
ture [3—7] (in this case SO, is formed) are used
for the regeneration of these sorbents. Both
the sorption and regeneration steps are carried
out at high temperatures of the sorbents of
about 700—1100 °C. The main disadvantages of
ZnO-containing sorbents are the loss of sur-
face area at high regeneration temperatures
and formation of zinc sulfate at low regenera-
tion temperatures [3, 4]. Also, when these sorb-
ent materials are used for the purification of
strongly reducing gas streams, during sorption,
ZnO is reduced into the metallic state, follo-
wed by vaporization of elemental zinc at tem-
peratures above 600 °C [5]. Manganese and iron
oxides sorbents are preferable, since they can
be regenerated by steam [2, 8, 9]. Besides, the
regeneration of MnS with steam at 850 °C pro-
ceeds more easier in the presence of y-Al,O,,
and results in the formation of bulk manga-
nese aluminate (MnAl,O,), instead of MnO [8].
Remarkably, MnAl,O, converts again into MnS
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and y-Al,O; during subsequent sulfidation.
Therefore, deposition of manganese oxides on
y-Al,O; allows lowering the regeneration tem-
peratures of these sorbents.

On the other hand, transition metal oxides —
Fe, O3, CuO, Cr,0;, MnO, [10—13] are known
to be the most active catalysts for ammonia
decomposition. However, these bulk catalysts
have low thermal stability and their selectivi-
ty in the reaction drops with temperature ele-
vation. Deposition of these oxides on the sup-
ports allows to raise substantially their ther-
mal stability under the reaction conditions [10].
Titania-supported copper-manganese oxides
with Cu—Mn loading 12 % mass and molar
ratio of Cu : Mn = 20 : 80 are the most active
and selective in N, formation in the reaction
of selective oxidation of ammonia to nitrogen
(600 ppm NH;, 6 % O,) [14]. The catalytic ma-
terials containing transition metals of VIII group
or their oxides are often used for the NH, de-
composition in the oxygen-free atmosphere [10].
Various materials were proposed for hot gas
cleaning from NH; at high temperatures. The
proposed Ni-based catalysts either in granulat-
ed [15] or in monolithic form [16] are the most
promising systems for high temperature (at
900 °C) NH; decomposition, but these catalysts
are deactivated by H,S (100 ppm [16]), espe-
cially at high pressures and low temperatures.
Limestone calcined at high temperatures is also
active in decomposition of NH; (1 % vol. in
He) at above 800 °C. But CaO loses its catalytic
selectivity in the atmosphere reproducing the
hot coal gases (H,—CO—-CO,), especially with
increasing pressure [17]. The decomposion of
ammonia is observed at 900 °C on alumina for
a simulated fuel gas mixture (50 % conversion
[18]), and on SiC and dolomite in the product
gas from fluidized-bet gasifier [16].

Published data allow to conclude that the
oxides of transition metals Mn, Fe and Cu are
the most perspective candidates for active com-
ponents of the sorbents/catalysts for simulta-
neous cleaning of the hot coal gas from hydro-
gen sulfide and ammonia. Commercial Ni- or
Al-based catalysts, used for high temperature
ammonia decomposition, can not be applied
for simultaneous cleaning of hot coal gases from
NH; and H,S due to the low or negligible sorb-
tion capacity by H,S and also due to the prob-

lems with regeneration. Development of the
sorbents/catalysts in the form of monolith in-
creases their technical merit due to the easy
operation, regeneration, low pressure drop,
small dust and attrition sensitivity. Titania is
widely used as a support to improve thermal,
mechanical and chemical properties of the cata-
lysts and sorbents [19], but its application in
the form of honeycomb support is rather limi-
ted [13].

Individual Mn, Fe and Cu salts were used
as the precursors to prepare monolith sorbents/
catalysts based on titania honeycomb support
and alumosilicate monolith washcoated with
titania [13]. The monolith sorbents/catalysts
combine high catalytic activity in the ammo-
nia decomposition with acceptable mechanical
strength of the monolith supports. It was shown
[13], that the iron- and copper-containing cata-
lysts, prepared by the impregnation, exhibit
higher activity and stable performance at high
temperatures in comparison with the manga-
nese oxides-containing samples. So that 95 %
and 80 % of NH; conversion is achieved at
780—800 °C, respectively, on monolith sorbents/
catalysts, containing individual Fe, Cu and Mn
oxides. Supported manganese oxide catalysts
above 700 °C show a high initial activity, but
lose their activity in the temperature range
800—900 °C due to a strong interaction with
the monolith support material [20]. There are
two ways to stabilize the monolith catalysts:
modification of the monolith support, and in-
troduction of modifying elements into the sup-
ported active component.

This work is devoted to the study of physi-
cochemical properties of the manganese oxi-
des-supported monolith sorbents/catalysts mo-
dified by Fe and Cu, and to their testing in
ammonia decomposition and H,S sorption.

EXPERIMENTAL
Catalysts preparation

The monolith supports were prepared by
extrusion of the masses based on titanium di-
oxide (anatase) or alumosilicate precursors fol-
lowed by drying at 110 °C and calcination at
700 °C in accordance with [13]. Ca-forms of
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TABLE 1

Properties of the monolith supports
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Sample Composition of the monoliths T, °C S, m?/g Phase composition Mechanical
strength,
kg/cm?

MS-1 63 % TiO, + 35 9% Ca-f* + 2 9% MSF¢ 700 86 TiO,(anatase) 8

Ca-montm?®
MS-2 75 % alumosilicate (clay)? 700 33 Al,0,50Si0, + a-SiO, 19.5

+ 25 9 Ca-f*

#Ca-f means the Ca-form of montmorillonite with general formula Cag,(Al,Mg),Si,0,,(0OH),[(}H,O0.

PProduct of Ca-montmorillonite dehydratation.

‘MSF — mullite-silica fibers with diameter 0.25 mm and length 10 mm, made in Russia, State Standard (GOST)

23 619-179.

d0bskaya clay — clay from Ob’river region (Russia), after calcination at 500 °C represents alumosilicate.

montmorillonite (denoted as Ca-f) were used
as a binder for preparation of the extrusion
masses. The mullite-silica fibers (2 % mass) were
added to the extrusion mass for improvement
of the mechanical strength of titania-based
monolith. Monolith supports have diameter
18 mm, square channels 1.5x1.5 mm, wall thick-
ness 1 mm. The physico-chemical properties of
the samples are given in Table 1.

Preparation of the impregnated monolith
catalysts. The impregnated catalysts were pre-
pared by wet impregnation of the TiO,-mo-
nolith supports (MS-1) with the aqueous solu-
tion of manganese nitrate (110 mg Mn/ml)
with subsequent drying at 110 °C and calci-
nation at 500, 700 and 900 °C. To obtain man-
ganese loading equal to 15 % mass (hereafter
calculated for MnO,), the impregnation-dry-
ing-calcination procedure was repeated three
times.

The manganese-containing catalysts modi-
fied by Fe,O; were prepared by impregnation
of the Mn-catalyst by aqueous solution of the
iron nitrate (112 mg Fe/ml) or iron (III) ammo-
nium oxalate (56 mg Fe/ml), with subsequent
drying at 110 °C and calcination at 500, 700,
900 °C. Iron loading was 4—8 % mass (hereaf-
ter calculated for Fe,Os).

The manganese-containing catalysts modi-
fied by CuO were prepared by impregnation
of the Mn-catalyst by aqueous solution of the
copper nitrate (192 mg Cu/ml), with subse-
quent drying at 110 °C and calcination at 500,
700, 900 °C. Copper loading was 4—8 9% mass
(hereafter calculated for CuO).

Preparation of the washcoated monolith cata-
lysts. Washcoated catalysts were prepared us-
ing the alumosilicate monolith supports (MS-2).
Bulk MnO, or Mn,O;, obtained by the decom-
position of Mn(NO;),, were mixed with TiO,
and y-Al,O; (as a binder), and a suspension
based on this mixture was prepared. After the
suspension had been deposited on the mono-
lith support, the catalysts were dried and cal-
cined at 500, 700 and 900 °C. Active compo-
nent — Fe and Cu oxides were introduced into
the washcoating by impregnation with Fe or
Cu nitrate solutions.

Preparation of the model catalysts. The model
Mn-containing catalysts on granulated TiO,
(anatase) and Ca-montmorillonite were pre-
pared by procedure written above. Mn loading
in these catalysts was 15 % mass.

The bulk MnO,, Mn,O;, MnO were pre-
pared by the decomposition of manganese ni-
trate at temperatures 300, 700 and 900 °C re-
spectively.

The bulk MnTiO; and FeTiO; were pre-
pared by the mechanical mixing of equimolar
quantities of Mn(NO;), [(4H,0 or Fe(NO;); [(DH,O
and TiO, (anatase), with subsequent calcina-
tion at 800 °C/8h in air and 900 °C/2h in gas
mixture 1 % vol. NH; + helium.

Activity test

Reaction of ammonia decomposition was
studied in a flow reactor within temperature
range of 400—1000 °C and space velocity of
1000 h™Y. Ammonia concentration in the initial
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gas mixture was 1 % vol. in helium. Catalytic
activity was defined as ammonia conversion
(X, %) at the given temperature.

The study of hydrogen sulfide sorption was
carried out in a flow reactor at the tempera-
ture 700 °C and space velocity 3600 h™!; hyd-
rogen sulfide concentration in initial gas mix-
ture was 2.8 % vol. in argon. The sorption ca-
pacity was determined as the amount of sorbed
H,S in mmol of H,S per 1 g of the catalyst,
or in % mass.

XRD (X-ray diffraction) characterization of
catalyst samples was conducted with HZG-4
diffractometer (Germany) using the CuK, ra-
diation. The patterns were recorded over a range
of 20 angles from 10° to 60° with the sweep
rate 1°/min.

Formation of sulfur compounds on the cat-
alyst surface after hydrogen sulfide sorption
was studied using a MAP-3 microanalyzer. The
probe diameter was 1—2 mm, the working volt-
age was 25 kW. The AlK,, TiK,, CuK,, and
SK, were analytical lines.

TABLE 2

RESULTS AND DISCUSSION

Testing of the catalyst activity
in ammonia decomposition

The dependencies of properties of the cat-
alysts and their activity on the nature of ac-
tive component (Mn, Fe, Cu), loading of the
active component (5—20 % mass), type of the
support and calcination temperature have been
studied earlier [13].

It was found [13, 20], that manganese ox-
ides deposited on the TiO,-monolith support
(MS-1) and calcined at 700 °C have rather high
activity in NH; decomposition (Sample No. 2,
Table 2). At 740 °C the NH, conversion is more
than 80 %. Considerable decrease of the activ-
ity for the samples is observed upon their ex-
posure to the reaction mixture at temperatures
above 750—800 °C. Then, NH; conversion over
these catalysts, preliminary calcined at 500 and
700 °C, decreases from 70—80 % to 55 % when
the reaction temperature is above 850 °C. The

The properties of Mn-containing (15 % mass) catalysts in ammonia decomposition

No. Catalyst/calci- Properties of fresh catalyst

nation T, °C

NH; conversion, %,

Properties after reaction

at temperature, °C

Ssp» XRD composition 800 900 Seps XRD composition
m*/g m?/g
1 MnO,/(TiO, 93 Anatase, MnO, 75 55 11 Anatase + rutile = 3 : 1
+Ca-£*)/500 Mn(Ti,A1Mn)O,"
2 The same/700 42 Anatase, B-Mn,O, 60 60 6.8 Anatase + rutile = 2: 3
Mn(Ti,Al,Mn)O,"
3 »/900 0.8 Rutile, MnMngSiO,° 15 35 0.7 Rutile + MnMngSiO,,
Mn(Ti,Al,Mn)O,°
4 MnO,/Ca-f/700 3.6 a-SiO,, Ca-montm?, 45 55 0.6 a-Si0,, Ca(Al,Si),SiyOg,
B-Mn,O, MnMngSiO,
5 The same/900 0.7  Ca(Al,Si),Si,04 40 60 0.2 a-Si0, + Ca(AlSi),Si,O4,
+ MnMngSiO,,° MnMngSiO,©
6 MnO,/TiO,/700 11 Anatase (~85%), 85 100 41 Rutile, MnTiO,
rutile (~15%),
B-Mn, 0y
7 The same/900 0.8  Rutile, MnTiO; 50 95 0.5 Rutile, MnTiO,

2Ca-f means Ca-form of montmorillonite.
PHexagonal structure, like MnTiO;

“Structure, like MnMngSiO,,, with substitution of the part of Mn-cations by Si*".

dProduct of Ca-montmorillonite dehydratation.
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catalysts with 15 9% mass Mn, prepared on
TiO,-monolith and preliminary calcined at
900 °C (Sample No. 3, Table 2), demonstrate
high conversion (up to 90 %) only at the reac-
tion temperature above 950 °C.

Deactivation of the manganese oxide-con-
taining catalysts calcined at 500 and 700 °C
may be explained by the chemical interaction
of the Mn oxides and the support materials
resulting in the formation of inactive phases
of Mn cations with the Ca-montmorillonite
(binder) or the titanium dioxide. Comparison
of the initial phase composition of these cata-
lysts (see Table 2) and those after ammonia
decomposition, done using XRD shows, that at
the reaction conditions MnO, and $-Mn,O; (ini-
tial active phase in samples No. 1, 2) were par-
tially reduced with the formation of interac-
tion phase of manganese oxides with TiO,. This
interaction phase is a solid solution on the basis
of hexagonal structure of MnTiO; with par-
tial substitution of Ti** by Mn™3 or AlI*® (from
binder).

The phases similar to MnTiO; are formed
after the calcination at 900 °C of the catalysts
based on TiO,-monolith with Ca-montmorillo-
nite, and these catalysts are active only at the
high temperatures (Sample No. 3, Table 2). Tak-
ing into account all the presented above, it is
believed that B-Mn,O; phase is more active
than MnTiO; phase in ammonia decomposition.

To elucidate the nature of catalyst deactiva-
tion due to the interaction of the catalytically
active Mn species with the material of mono-
lith support, the samples of bulk MnO,, Mn,O,,
MnO, MnTiO; and special series of the sam-
ples, supported on granulated Ca-montmorillo-
nite and TiO, (anatase), were prepared.

The manganese oxides supported on granu-
lated Ca-montmorillonite (Sample No. 4, Table
2) after the operation at 900 °C lose their ac-
tivity to 55 %. According to the XRD data, the
active manganese oxide, B-Mn,O;, interacts
with the support forming a solid solution simi-
lar to MnMngSiO,,. Because of the complicated
composition of the products, which are formed
upon the thermal decomposition of manga-
nese oxides supported on Ca-montmorillonite,
it is impossible to state exactly, that nature of
montmorillonite affects on the deactivation of
monolith catalysts at the reaction condition.
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Fig. 1. Ammonia conversion vs. temperature over bulk
MnO, (1), Mn,O; (2), MnO (3), MnTiO; (4).

For the impregnated 15 % Mn,0,/TiO, cata-
lysts (Sample No. 6, Table 2), the NH; decom-
position attains 100 9% conversion at 855 °C.
Operation of this catalyst under reaction mix-
ture at 850 °C within 1-2 h leads to the trans-
formation of active manganese oxide (-Mn,O,
into MnTiOs,.

It should be underlined, that the ammonia
conversion curves for bulk MnO, and Mn,Os,,
prepared by decomposition of manganese nit-
rate, are similar in the temperature range of
500—700 °C (Fig. 1). The conversion on these
oxides reaches maximum value at 700 °C (100 %),
but for MnO, decreases to 20 % within 2 h of
operation at this temperature. At the reaction
temperatures above 700 °C, the ammonia con-
version curve for bulk MnO, is similar to that
of MnO. 100 % NH; conversion is achieved at
830 °C. For bulk Mn,O;, ammonia conversion
remains high (~100 %) up to 900 °C (in contrast
to the commercial sample Mn,O; [20]). In ac-
cordance with the XRD data for both precur-
sors, the manganese oxides are reduced to MnO
and Mn;O,. In comparison with MnO, the am-
monia conversion curve for bulk MnTiO; is shift-
ing by 50 °C into the high-temperature region.
Therefore, the reduced forms of manganese
oxide, such as MnO and MnTiO; (or solid solu-
tion on the basis of MnTiO;), which are ther-
modynamically stable at high temperatures, can
be considered as the active components in NH;
decomposition at temperatures above 700 °C.

There are two ways to stabilize the mono-
lith catalysts: (1) modification of the monolith



80

100

0

804

D

e .y
ol Mramen

NH; conversion, %

60 I:Jm\l:\nf’---n-- 2
50) ] E\:’\Q Dhﬂun‘n—m—n—u-"m‘n
3

- Pt gm0
40 T T T T T

V] 11 100 150 200

Time of continuous run, min

Fig. 2. Stability of 15 % MnO, (1), (5 % Fe,0; + 15 %

MnO,) (2), (8 % Fe,O5 + 15 % MnO,) (3) catalysts
prepared on MS-1 upon ammonia decomposition at
860 °C.

TABLE 3

Properties of Mn-Fe-containing monolith catalysts

Z.R.ISMAGILOV et al.

support, (2) introduction of modifying elements
in the supported active component. In this work
the second way is considered. To stabilize the
impregnated manganese-containing catalysts,
4—-8 % mass of iron oxide were introduced
into the supported active component. The mod-
ified catalyst with 7-8 % mass of Fe,0O; dem-
onstrates high activity and stability at elevat-
ed temperatures. It is seen from Fig. 2, that
ammonia conversion over the manganese-con-
taining catalyst, modified by 8 % mass Fe,Os,
is reduced from 94 to 73 % at 860 °C. For
comparison, ammonia conversion for the un-
modified catalyst is decreased to 46 % at this
temperature. According to XRD data (Table 3)

No. Catalyst/calcination Initial properties Steady state activity = Properties after reaction
T, °C in NH; decomposition
Seps Phase composition Ts0 0 Tinax conv,, °C S, Phase composition
m?®/g °C (conv., %) m?®/g
Impregnated catalysts®
1 8 % Fe,O; (N) 58 Anatase, 690 790 (90) 6.0 Rutile, anatase (tr),
+ 15 % MnO, /500 B-Mn,O;, D < 5 nm, (Fe,Mn)TiO4¢
a-Fe,O;, D < 5 nm
2 8 % Fe,0; (O) 49 Anatase, 720 760 (85) 7.2  Rutile, anatase (tr),
+ 15 % MnO,/500 B-Mn,0;, D <5 nm, (Fe,Mn)TiO;*
a-Fe,O;, D < 5 nm
3 The same/700 33 Anatase, 725 845 (80) 3.2 Rutile, anatase (tr),
B-Mn,O4, D <20 nm, (Fe,Mn)TiO4¢
Fe(Fe,Mn,Ti)O,"
4 »/900 0.2 Rutile, 810 985 (95) <1 Rutile, (Fe,Mn)TiO;¢
(Fe,Mn)TiO;",
MnMngSiO,,
Washcoating composition
5 60 % TiO,+ 155 Anatase, 550 800 (100) 24 Rutile (70 %),
17 % Al,O; + MnO,, a-Fe,Os, anatase (30 %), FeTiOs,
15 % MnO, + Fe(Fe,Al)O,’ (Mn,Fe)(ALTi)O4¢
8 % Fe,O; /500
6 The same/700 73 Anatase, 575 750 (100) 19 Rutile (70 %),

Mn,0;, a-Fe,0O4
Fe(Fe,Mn,Al)O,P

anatase (30 %), FeTiO,,
(Mn,Fe)(AlTi)O4°

2For the preparation of impregnated catalysts was used monolith support MS-1. Samples 1 and 2—4 were
prepared by impregnation of Mn-catalyst by Fe-nitric solution and by Fe-ammonia-oxalate solution, respectively.

PHexagonal structure, like a-Fe,O,.
‘Hexagonal structure, like MnTiOs,.
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on MS-1: initial (a) and after NH; decomposition testing (b).

interaction of Fe,O; and Mn,O; with the sup-
port material, namely TiO,, resulting in the
formation of solid solution with the hexagonal
structure similar to (Fe, Mn)TiO; is observed
for all the studied modified catalysts after testing
in NH; decomposition.

The symbasis of TiK,, MnK, and FeK, pro-
files, which were obtained for the modified
catalyst using X-ray microanalysis, indicates
the interaction of Mn and Fe oxides with TiO,
(Fig. 3). It should be emphasized, that the in-
teraction of these components occurs in the
initial catalyst (see Fig. 3, a), and is strengthe-
ned in catalyst after ammonia decomposition
test (see Fig. 3, b).

As it is illustrated in Fig. 4, the specially
prepared bulk FeTiO; demonstrates higher cat-
alytic activity and stability in ammonia de-
composition at temperatures above 600 °C than

bulk MnTiO;. For instance, temperatures at
which 50 % ammonia conversion is achieved
are 540 and 790 °C, respectively, for FeTiO,
and MnTiO;. It should be pointed out that, as
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Fig. 4. Ammonia conversion vs. temperature over bulk
a-Fe,O4 (1), FeTiO;4 (2), MnTiO; (3).
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TABLE 4

Z.R.ISMAGILOV et al.

Properties of Mn-Cu-containing monolith catalysts

No. Catalyst/calcination

Initial properties

Steady State Activity Properties after reaction

T, °C in NH; decomposition
Ssps Phase composition Ts0 0 Tinax conv, °C S, Phase composition
m®/g °C (conv., %) m?/g
Impregnated catalysts®
1 8 % CuO (N) 56 Anatase, 690 790 (90) 5.6 Anatase, MnTiO;,
+ 15 9% MnO,/500 MnO,, D < 30 nm, Cu’, D > 40 nm
CuO, D < 20 nm
2 The same/700 23 Anatase, [(-Mn,O,, 700 820 (90) 5.5 Anatase, MnTiO;,
CuMn,0,, CuO Cu’, D > 40 nm
3 The same/900 3 Rutile, MnTiOj, 800 900 (75) 24  Rutile, MnTiO;, Cu’,
CuMn,O, D > 50 nm
Washcoating compositionb
4 60 % TiO, 54 Anatase, Yy-Al,O;, 725 775 (100) 27 Anatase, MnTiO;,
+ 17 % ALO, -Mn,Os, CuO
+ 15 % MnO, (Cu,Mn)[Al],0,¢
+ 8 9% CuO/700
5 The same/900 15 Rutile, a-Al,0,, 560 700 (100) 1.8 Rutile + a-AlL,0,,

(Cu, Mn)[Al],0,°

Mn(Mn,Ti)O,%
(Cu,Mn)[A1],0,¢, Cu®

2For the preparation of impregnated catalysts was used monolith support MS-1. Samples No. 1-3 were prepared

by impregnation of Mn-catalyst by Cu-nitric solution.

PFor Samples No. 4, 5, CuO was introduced via impregnation of 60 % TiOy+ 17 % Al,O5 + 15 % MnO, by Cu-

nitric solution.
“Structure, like CuMn,O,.
dHexagonal structure, like MnTiO,.

it is shown in Fig. 4, catalytic activities of bulk
FeTiO; and pure a-Fe,O4 are the same at tem-
peratures above 600 °C. Accordingly, it is be-
lieved that high activity and stability of the
modified catalysts at elevated temperatures are
provided by the formation of phase FeTiO,
under the reaction conditions.

The main goal of this work is the develop-
ment of optimal catalysts for the simultane-
ous ammonia and H,S removal from hot coal
gases. In order to combine high efficiency of
the systems on the basis of iron and copper
oxides in ammonia decomposition, and high
activity of the manganese-containing catalysts
in regenerative hydrogen sulfide removal, the
samples with two active components were syn-
thesized by the impregnation of monolith sup-
port. The properties of catalysts based on Fe—

Mn- or Cu—Mn-oxides are presented in Tab-
les 3 and 4. Temperature at which 90 % NH;
conversion is achieved on the Cu—Mn-oxides
impregnated catalysts was about 790—810 °C.
System on the basis of manganese oxide doped
with iron oxide (8 % mass) is the most active
catalyst.

It should be noted, that XRD data of all
the spent catalysts show that NH; decomposi-
tion on the oxide systems is accompanied by
the partial or complete reduction of the active
component, and its interaction with the sup-
port, resulting in the formation of hexagonal
structures like MnTiO; or FeTiO; (see Tables 3
and 4). In the case of Cu oxide-containing cat-
alysts, reduction of the CuO and spinel struc-
ture like CuMn,O, into metallic state (Cu’) at
the reaction conditions was observed.
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Washcoated monolith catalysts

To optimize compositions of the washcoat-
ed monolith catalysts, bulk samples of the
washcoating precursors have been prepared and
tested. As it is indicated in [13], the activity of
manganese oxide-containing washcoating ma-
terials and of washcoated catalysts is rather
high. For example, 100 % of NH; conversion
is achieved at 850—900 °C for all the bulk samp-
les of washcoating precursors. The most active
among the bulk manganese-containing wash-
coating compositions was the sample, in which
MnO, was introduced as a bulk oxide. For the
manganese-containing washcoating material,
higher conversion of ammonia is observed at
lower temperatures than that for the impreg-
nated catalysts.

Our intentions were to improve these com-
positions by modifying them with iron or cop-
per oxides. The modification of manganese-
containing washcoating composition 65 % TiO,
+ 15 % MnO, + 20 % Al,O; by Fe,O4 leads to
the substantial increasing of its activity. For
example, the temperature of attaining of 100 %
NHj; conversion (T 4) was 870 and 720 °C for
unmodified and modified catalysts, respectively
(Fig. 5). The effect of CuO additives on the
activity of washcoating composition 65 % TiO,
+ 15 % MnO, + 20 % Al,O3; was weaker (T q,
= 780 °C, see Fig. 5).

The effect of Fe,O; and CuO additives on
the activities of washcoated catalysts prepared
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Fig. 5. Ammonia conversion vs. temperature over bulk
washcoating materials calcined at 700 °C: 1 — 15 9
Mn,O5 + 20 % Al,O5 + 65 % TiO,y; 2 — 8 9% Fe,O4 +
15 % Mn,O5 + 17 9% Al,05 + 60 % TiO,; 3 — 8 9% CuO +
15% Mny,O; + 17 % Al,045+ 60 % TiO,.
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Fig. 6. Ammonia conversion vs. temperature over wash-
coated monolith catalysts based on alumosilicate (a) and
cordietite (b) after calcination at 700 °C: 1 — 15 % Mn,0O4
+ 20 % Al,O; + 65 % TiO,y; 2 — 8 % Fe,O5 + 15 %
Mn,O; + 17 % Al,O5 + 60 % TiOy; 3 — 8 % CuO + 15 %
Mn,O3 + 17 9% Al,O3 + 60 % TiO,.

on alumosilicate (MS-2) or cordierite (Corning,
400 cell/inch) monolith was less pronounced
(Fig. 6). For example, temperature of 95 9% NH,
conversion was 870, 760 and 820 °C for unmo-
dified, modified by Fe,O; and CuO catalysts,
respectively, in case of MS-2 monolith. The
modification effect of CuO additives was smoo-
ther when using the cordierite (see Fig. 6, b).

Testing of the catalyst in hydrogen sulfide
sorption

The samples chosen in accordance with the
results of catalytic activity tests in the ammo-
nia decomposition have been tested in the hy-
drogen sulfide sorption. All experimental data
are presented in Table 5. The sorption capaci-
ties of pure monolith support MS-1 and im-
pregnated catalyst containing only 15 % MnO,
are presented in Table 5 for comparison. The
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TABLE 5
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Properties of monolith catalysts in the H,S sorption

Catalyst/calcination Testing H,S sorption at 700 °C Testing in NH; decomposition after H,S
T,°C sorption
Sorption capa- S, XRD phase T5g g, be- Ty after, XRD phase
city, mmol/g m?/g fore, °C °C
(% mass)
MS-1/ 700 0.4 (1.3) 62 Anatase, 725 640 Anatase, a-SiO, (tr)
a-Si0, (tr),
Ca-montm? (tr)
15 % MnOZ/b'iOO 1.7 (5.8) 18 Anatase+rutile, 780 710 Anatase+rutile,
MnS MnS
8 % Fe,O4 2.1 (6.8) 15 Anatasetrutile, 725 670 Anatase+trutile,
+ 15 % MnO,/P700 MnS, Fe, S MnS, Fe, .S
8 % Fe,O4 0.4 (1.4) 15 Rutile, MnS - - -
+ 15 % MnO,/"700
after NH; test
8 9% CuO 2.7 (6.1) 5.4 Anatasetrutile, 740 750 Anatase + rutile,
+ 15 % MnO,/"700 MnS, CuS, Cu,S MnS, CuS
8 % CuO (0.20) 5.5 Rutile, MnS - - -
+ 15 % MnO,/"700
after NH; test
60 % TiO, + 17 % Al,O; 1.9 (6.0) 34 Anatase, MnS, 575 625 Anatase, MnS,
+ 15 % MnO, Fe .S Fe, .S
+ 8 % Fe,03/°500
60 % TiOy + 17 % Al,O; 1.4 (4.4) 54 Anatase, MnS, 725 710 50 % Anatase,
+ 15 % MnO, y*-Al,04 50 % rutile,

+ 8 % CuO/°700

MnS, yG3ALO,

2Ca-montmorillonite.

PImpregnated catalysts on the basis of monoliths support MS-1.

‘Bulk washcoating material.

sorption capacity of original monolith support
MS-1 achieved 1.3 % mass, which can be exp-
lained by the presence of 2 % mass CaO and
1.8 % mass Fe,O4 as admixtures in Ca-montmo-
rillonite, used as the binder. It has been found,
that the sorption capacity of impregnated Mn-
containing catalysts on TiO,-monolith support
depends on the Mn content. The increasing of
Mn content from 5 to 20 % mass leads to the
proportional rise of sorption capacity from 1.6
to 6.3 % mass.

The sorption capacities of the impregnated
catalyst and bulk washcoating material, con-
taining simultaneously 15 % MnO, and 8 %
Fe,O;, were 6.8 and 6.0 % mass, respectively.
These data are in a good correlation with those
previously reported by Bakker [3]. By means

of the XRD analysis formation of the MnS
and Fe,;_, S, phases was detected.

Sorption capacity of the Mn-containing cat-
alyst modified by 8 % mass CuO was similar
to unmodified catalyst. The sorption capacities
of the impregnated catalyst and bulk wash-
coating material, containing simultaneously
15 % MnO, and 8 % CuO, were 6.1 and 4.4 %
mass, respectively. By means of the XRD anal-
ysis, formation of the MnS, Cu,S and CuS
phases was detected for the impregnated cata-
lyst.

The sulfidation degree of supported oxides,
calculated from the stoichiometric reaction for
all the studied catalysts, was estimated to be
around 70 %. Thus, it is believed that part of
the active component may remain in the forms
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Fig.7. Intensity of AlK, (1), TiK, (2), MnK, (3), FeK, (4) and SK, (5) radiation for 8 % Fe,O; + 15 % MnO, catalyst
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of Mn, Fe and Cu oxides, although this fact
was not confirmed by the XRD analysis.

The increase of calcination temperature of
Mn-containing catalyst modified by Fe,O; up
to 900 °C leads to the substantial reduction of
H,S sorption capacity. Similar decrease of the
sorption capacity (to 1.4 % mass) was observed
for this catalyst after testing in NH; decompo-
sition. It should be noted, that sorption capaci-
ty of the catalyst modified by CuO after test-
ing in NH; decomposition was close to zero.

Testing of the catalyst
in ammonia decomposition
after hydrogen sulfide sorption

The catalysts after hydrogen sulfide sorp-
tion were tested consequently in ammonia de-
composition reaction. As it can be seen from
the data of Table 5 samples exhibited the acti-
vity equal to the activity of fresh catalysts, or
even higher. These results can be explained in
terms of formation of partially reduced iron
and manganese cations, which are known to
be more active in ammonia decomposition [1].

The Mn-containing catalyst modified by
Fe,O4 after testing in H,S sorption was studied
by X-ray spectral microanalysis. The investi-
gation of modified catalyst demonstrated that
the catalyst after H,S sorption test contains about
20 % mass S. In this case sulfur is chemically
bonded with Mn and Fe cations, that is proved
by the symbasis of SK,, MnK,, FeK, profiles
(Fig. 7, a). The catalyst after subsequent testing
in H,S sorption and NH; decomposition con-
tains negligible amount of sulfur chemically
bonded with Mn and Fe cations (see Fig. 7, b).
The catalyst after subsequent testing in NH,
decomposition and H,S sorption contains negli-
gible amounts of both the sulfur chemically
bonded with Mn and Fe cations and of the
elemental sulfur (see Fig. 7, c¢). Thus, two par-
allel reactions: H,S sorption and decomposi-
tion take place on this case.

CONCLUSIONS

The introduction of 4—-8 % mass Fe or Cu
oxides into Mn-containing catalyst allows to

improve thermal stability at high reaction tem-
peratures and catalytic performance.

Under the reaction conditions the manga-
nese oxides (MnO, and [B-Mn,0O;) interact with
support (TiO,), which results in the forma-
tion of pure or partially substituted hexago-
nal structures, like MnTiO;. The similar phe-
nomenon was observed for the Fe oxide-con-
taining catalysts, where a-Fe,O, transformed
to FeTiO;. In the case of Cu oxide-containing
catalysts, reduction of CuO into metallic state
(Cu’) under the reaction conditions was ob-
served. The investigation of bulk MnTiO;,
FeTiO; and the special series of samples sup-
ported on granulated Ca-montmorillonite and
TiO, allows to understand the reason of high
temperature deactivation of the impregnat-
ed manganese oxide catalyst. It has been
found, that bulk FeTiO; has higher catalytic
activity and stability in the ammonia decom-
position at temperatures above 600 °C, than
bulk MnTiO; The obtained data indicate,
that high activity and stability of the modi-
fied catalysts at elevated temperatures is
provided by the formation of active phase
(Fe,Mn)TiOs.

The monolith catalysts based on Fe,O; +
MnO, active component seem to be the most
preferable among studied systems, since they
possess the highest catalytic activity at lower
temperatures and are the best sorbents for H,S
removal.
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