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Manganese oxide-silica mixed oxide aerogels with different mor-
phological and chemical properties were prepared using the sol-gel
method and ensuing extraction of the solvent with supercritical
CO,. Two types of manganese precursor, varying hydrolysis condi-
tions of the silica and manganese precursors, influence of base ad-
dition for gelation, and calcination temperatures were investigated.
Base addition had a strong effect on textural properties, producing
high-surface-area, mesoporous aerogels, whereas these properties
were only marginally affected by kind of manganese precursor used.
The presence of different manganese oxide species was evidenced by
X-ray diffraction, Raman and diffuse reflectance infrared Fourier
transform spectroscopy, and temperature-programmed reduction.
Mn**, Mn**, and Mn?** oxide species were found after calcina-
tion at 600°C in air. Sol-gel processing with manganese(II) nitrate
resulted in highly dispersed mixed oxides. Basic gelation of these
sols strongly influenced the state of the manganese, leading to crys-
tallites of hausmannite and to amorphous Mn;Oys in the calcined
samples. Aerogels derived from the less reactive Mn(III) (acac); did
not contain any manganese oxide crystallites when prepared under
the same basic conditions. The catalytic performance of the aero-
gels in the selective oxidation of ammonia strongly depended on the
state of the manganese. Samples containing crystalline Mn;O4 were
more active than amorphous aerogels with dispersed manganese ox-
ide species and afforded high selectivity to N,O. The presence of
amorphous Mn;Os further increased the activity and the selectivity
to nitrous oxide, reaching 74% at 360°C. Nitrogen formation was
found to be related to the amount of strongly Lewis-bound ammo-
nia. The amorphous aerogels showing more Lewis-bound ammonia
produced mainly nitrogen below 480°C, affording a selectivity of
78% at 360°C. (@ 2002 Elsevier Science (USA)

Key Words: manganese oxide-silica aerogels; selective oxidation
of ammonia; supercritical drying; hausmannite; MnsOs; Brgnsted
and Lewis acidity.

1. INTRODUCTION

Aerogel catalysts (1-3) offer unique morphological
and chemical properties, which originate from their wet-
chemical preparation (solution-sol-gel method) and the
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subsequent removal of the solvent by supercritical drying.
Extraction of the solvent using supercritical carbon dioxide
is a particularly “gentle” drying method, as temperature
can be kept as low as 40°C. Materials with large porosity
and specific surface area are obtained, and control over the
sol-gel conditions offers the possibility of preparing highly
dispersed mixed oxides.

Here we report on the synthesis and structural proper-
ties of manganese oxide-silica low-temperature aerogels
and their catalytic performance in the selective catalytic
oxidation of ammonia.

A variety of manganese-containing catalyst materials has
been reported in the past. Silica-supported manganese ox-
ide catalysts were studied for application in CO oxidation
(4) and oxidative coupling of methane (5). Various catalysts
with low valent manganese oxides were applied for gas-
phase reactions, such as CO hydrogenation (6), methane
high-temperature combustion (7, 8), and, important in air
pollution control, selective catalytic reduction of NO by
hydrocarbons (9, 10) and by ammonia (11-13). Manganese
grafted onto various oxides was studied by Ma et al. (14, 15).
Sol-gel processing was reported for the syntheses of silica-
supported spinel LiMn,;Oy4 (16, 17), manganese oxide silica
monolithic gels (18), MnALO4 (19), (Mge-rAl,)MnOg
(20), and octahedral molecular sieves (21), and for the
preparation of porous manganese oxides for lithium inser-
tion (22-24). Li-Mn-O aerogels were prepared by Passerini
et al. (25) and Mn-substituted barium hexaaluminates aero-
gels by Yan and Thompson (26).

The selective catalytic oxidation (SCO) of ammonia to
nitrogen is important in waste gas treatment, to eliminate
effluent ammonia stemming from the ammonia used as re-
ducing agent in the selective catalytic reduction of nitro-
gen oxides. Due to fluctuations in temperature and NO,
content, ammonia is used in excess and ammonia slip is in-
evitable under working conditions. Active catalysts in the
temperature range 280-480°C are needed for ammonia ox-
idation. Further applications of SCO are the treatment of
reformates for fuel-cell systems and the deodorization of
ammonia-containing gas. In addition to the manganese
oxides MnO; (27) and Mn;, O3 (28), supported manganese
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oxide (29-31), SiO,-pillared manganese titanate (32),
perovskite oxides (33), Mn-hexaaluminate (34), and Mn—
ZSM-5 (35) have been applied for SCO.

2. EXPERIMENTAL

2.1. Preparation of Aerogels

Different sol-gel conditions were applied for the syn-
thesis of MnO,-Si0O; aerogels with a nominal content of
10 wt% Mn, O3, based on the theoretical system Mn;O3—
SiO; (10 wt% Mn;, O3 corresponds to 7 wt% Mn or 2.6 at%
Mn). The conditions of the applied sol-gel routes are sum-
marized in Table 1. In general, tetraecthoxysilicon(IV) and
manganese(II) nitrate or manganese(III) acetylacetonate
were used as precursors. The hydrolysant was composed of
nitric acid, water, and ethanol. Optionally, gel formation
was induced by addition of a base. The sol-gel process was
carried out at ambient temperature (25 +2°C) and under
nitrogen atmosphere in a 250-ml glass flask wrapped up with
aluminium foil in order to avoid photocatalytic oxidation
of solvated Mn”* (36). A magnetic bead of 2.5-cm length
was used for stirring.

The aerogels were divided into three groups, depending
on their structural properties and on the synthesis proce-
dure used. For the sake of brevity a set of acronyms is used
to distinguish the aerogels. The letters a, b, and ¢, followed
arbitrarily by a numeral, denote the following: a, aerogels
prepared with manganese nitrate without base addition; b,
aerogels prepared with manganese nitrate and forced gela-
tion using a nitrogen-containing base; and ¢, aerogels de-
rived from Mn(acac); as manganese precursor.
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In the following the general synthesis route for the sam-
ples prepared with manganese nitrate as precursor is de-
scribed. Some 46.23 g of tetraethoxysilicon(IV) (TEOS;
Fluka, puriss.) was dissolved in 60 ml of ethanol (EtOH;
Fluka, puriss.) and homogenized under nitrogen. The hy-
drolysant was prepared from nitric acid (HNOs; 65%,
Merck, p.a.) and doubly distilled water. Then 4.71 g of
manganese(II) nitrate (Mn(NOs), - 4H,O; Fluka, purum,
>97%) was completely dissolved in 15.98 g of hydrolysant
with a pH of 2.5; the solution was then diluted with 15 ml
of ethanol and added under vigorous stirring (600 rpm) to
the TEOS solution. A clear and slightly pink sol was ob-
tained. After 65 h a clear, pink, viscous gel (al) was formed,
which was allowed to age for 25 h. Prehydrolysis of the
tetraethoxysilicon was applied for sample a2. The acid hy-
drolysant was added directly to the dissolved TEOS and
the sol was refluxed at 60°C for 1.5 h under stirring. The
manganese(I]) nitrate tetrahydrate was dissolved in 15 ml
of EtOH under water- and oxygen-free conditions inside a
glove box and added to the prehydrolyzed TEOS solution.
A noticeable increase in viscosity was observed after 120 h,
and the viscous gel was allowed to age for 25 h.

Sample b1 was synthesized analogously to a/; however,
14 h after preparation of the sol under vigorous stirring,
gelation was forced by ammonium hydroxide (NH4OH;
Fluka, puriss. p.a., 25 wt% in water) diluted in EtOH
(VNH,0H(@q) : VEilon = 1:6). Then 12 ml of the basic so-
lution was added in drops (1 ml/min) and a bright-to-dark-
brown gel was obtained 2 min after. A pure silica gel (Sib1)
was prepared analogously to b1. The sol gelled after intro-
ducing 3.5 ml of the basic ammonia solution.

TABLE 1

Conditions Applied for Sol-Gel Syntheses of MnO,./SiO, Aerogels

H,O’ : TEOS :HNO; : EtOH Base : TEOS EtOH Hydr. Gel
Aerogel” (molar ratio) Gelation agent (molar ratio) added (ml) time* (h) time? (h)

al 4.34:1:0.00023:5.7 — — — — 65

az° 4.34:1:0.00023:5.7 — — — — 120

bl 4.34:1:0.00023:5.7 NH,OH 0.050:1 10 14 0.23
b2 4.34:1:0.00023:5.7 N,N-d.a. 0.085:1 9 14 0.70
b3 4.34:1:0.00023:5.7 N,N-d.a./ + NH,OH 0.230:1 59 14 0.70
b4 2.34:1:0.01:5.7 NH,OH 0.100:1 20 14 1.57
Sib1 4:1:0.00023:5.7 NH,OH 0.013:1 20 14 0.06
cl 2:1:0.01:5.78 NH,OH 0.100:1 20 14 72

¢ Acronyms of aerogels are explained in Section 2.1.

b In the case where Mn(NOs3), - 4H, O was used, additional water to that of the acid hydrolysant was introduced, corresponding to H, O,y : TEOS =

0.34:1.

¢ Hydrolysis time, i.e., from the addition of the hydrolysant to the addition of the basic solution.
“ For the samples with forced gelation, the time from the beginning of the base addition to gel formation is reported, whereas for gels al and a2, the
time from the addition of the hydrolysant to gel formation is noted. Gels without base addition, as well as the slowly gelled c1, were allowed to age for

25 h, whereas the other gels were immediately transferred to the autoclave.

¢ Prehydrolysis of TEOS was performed before addition of the manganese precursor.

/' N,N-diethylaniline.

¢ The solvent for the samples prepared with Mn(acac); was composed of acetylacetone (20 vol%) and EtOH (80 vol%).
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Sol b4 was prepared by using 8.20 g of hydrolysant
with a pH of 0.5. Some 24 ml of an ammonia so-
lution (VNg,OH(aq):Veion=1:6) was added in drops
(1 ml/min): 12 ml was added, and after 30 min another 12 ml.
Forty minutes later a brown, but clear, stiff gel formed.

Two gels were prepared by addition of N,N-diethyl-
aniline: 14 h after preparation of the sol, gelation was in-
duced by adding 12 ml of an alcoholic N,N-diethylaniline
solution (Vy,n-diethylaniline : VEton = 1:3). After 30 min
the viscosity significantly increased. The slightly brown gel
(b2) was aged for 90 min. For gel b3, after addition of
N,N-diethylaniline, 55 ml of a NH4OH ,4)~EtOH solution
(VNn, OH(aq) : Veion = 1:10) was added to the viscous sol
and a brown gel formed.

In general, addition of aqueous ammonia (pK, = 9.25)
to the sol led to change in the color from pale pink to dark
brown. For sample b/ light and dark brown areas could be
discerned. The weaker base N, N-diethylaniline (pK, = 6.6)
(37) led only to a slight darkening of the sol.

The sample prepared with Mn(acac); was hydrolyzed
by a nitric acid—water solution with pH 0.5, as acid condi-
tions favor the decomposition of the complex necessary for
the incorporation of the manganese into the silica matrix.
In general, 6.60 g of Mn(acac); (Riedel de Haen, purum)
was solved in 30 ml of an ethanol-acetylacetone solution
(1:1) (both Fluka, puriss. p.a.) by heating it briefly to 60°C.
TEOS (46.23 g) was dissolved in 40 ml of EtOH. Then
8.20 g of the hydrolysant was added to the Mn(acac); solu-
tion. The solution was stirred for 15 min and then added to
the dissolved TEOS. After 14 h, 12 ml of a basic solution
(VNH,0H(ag) : VEioH = 1:6) was added to the sol over the
course of 12 min, and 12 ml again after 30 min. Three days
later a brownish and highly viscous gel was formed, which
was aged for 1 day (cl).

Supercritical drying. The gels prepared without base ad-
dition as well as the slowly gelled c/ were aged for 1 day
prior to extraction with supercritical CO,, whereas the
other, stiff gels were directly transferred into a 2-dm? auto-
clave and covered with 90 ml of EtOH. Within 1 h and at
a temperature of 40°C, the autoclave was pressurized with
CO; to22 MPa and the liquid—-gas separator to 1 MPa, which
required 2.1 kg of CO,. The solvent was semicontinuously
extracted for 6 h using a CO, flow of 20 g min—'. Finally, the
CO, was isothermally released at a rate of ca. 20 g min~".
The extracted powders were white in color for the samples
without base addition. Those prepared with base addition
were light brown or grey.

Calcination procedure. The raw aerogel powder (3 g)
was calcined in a tubular reactor with upward flow. The re-
ported temperature corresponds to the oven temperature.
To remove part of the organic residues prior to calcination,
all aerogel samples were heated in a nitrogen flow of 0.5 dm?
min~! at a rate of 5°C min~! to 400°C and held at this tem-
perature for 1 h. After cooling to ca. 80°C, they were heated

at 5°C min~! in air flowing at 0.5 dm® min~"! to 400 or 600°C
and held for 5 h. A portion of al was calcined at 950°C for
1 h. After calcination all samples were dark brown.

2.2. Physicochemical Characterization

Atomic absorption spectroscopy (AAS). To determine
the manganese content 80 mg of dry catalyst was dissolved
in 400 ul of hydrofluoric acid (HF; 40% in water, Fluka,
99.5%). The superfluous fluoride ions were neutralized with
boric acid. In order to obtain stable solutions 2 g of 65%
HNOj; (Fluka, puriss.) was added before the solution was
diluted to 50 ppm Mn. The catalyst solutions were analyzed
on a VARIAN SpektrAA-10 atomic absorption spectrom-
eter by comparison with standard solutions containing the
same amount of silica (silica aerogel), fluoride ions, and
boric and nitric acid as the catalyst solutions. Manganese
was added from a manganese standard solution (Merck,
Titrisol for standard solution).

C, H, N analysis. Total carbon, hydrogen, and nitrogen
contents of the samples after calcination at 400 and 600°C
were determined using a LECO CHN-900 elemental mi-
croanalysis apparatus.

Nitrogen physisorption. Prior to measurement, the
samples were degassed to 0.1 Pa at 80°C. Textural proper-
ties were determined by nitrogen physisorption at —196°C
using a Micromeritics ASAP 2000 instrument. The spe-
cific surface area (Spgr) Was calculated in a relative pres-
sure range of 0.01-0.20, assuming a cross-sectional area
of 0.162 nm? for the nitrogen molecule. The estimated C-
values were in the range 120-200. The specific desorption
pore volume was assessed by the Barrett-Joyner—Halenda
(BJH) method, which is assumed to cover the cumulative
adsorption pore volume of pores with a maximum diame-
ter in the range 1.7-300 nm. The assessment of microporos-
ity was made from the z-plots (0.4 < ¢ < 0.6), using the
Harkins—Jura correlation.

X-ray diffraction (XRD). XRD measurements were
performed on a Siemens D5000 powder X-ray diffractome-
ter. The diffractograms were recorded using Cuk, radia-
tion (20 range 15-65°) and a position-sensitive detector
with Ni filter.

IR spectroscopy. 1R spectra of the Mn(acac); solutions
were recorded on a Perkin Elmer System 2000 Fourier
transform IR (FTIR) spectrometer at 4-cm~! resolution.
CaF, windows were used and spectra were measured at
ambient condition.

Temperature-programmed reduction (TPR). The appa-
ratus used for TPR measurements has been described
elsewhere (38). The measurements were carried out us-
ing 5% hydrogen in argon as reductant and a flow rate of
75 ml min~!. For each analysis the sample, which contained
0.4 mmol of Mn, taking into consideration the manganese
content determined by AAS, was pretreated in air at 550°C
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for 30 min. The temperature during reduction was ramped
from 25 to 550°C at a rate of 5°C min—".

X-ray photoelectron spectroscopy (XPS). XPS analysis
was performed using a Leybold LHS 11 instrument. Mgk,
radiation (240 W) was applied to excite photoelectrons,
which were detected with the analyzer operated at a 31-eV
constant pass energy, resulting in a line width of 0.9 eV
(full width at half-maximum) for the Ag 3ds/; line. The en-
ergy scale of the spectrometer was calibrated versus the
Au 417,,, Ag 3ds/, and Cu 2p;), lines at 84.2, 367.9, and
932.4 eV. Correction of the energy shift, due to steady-state
charging, was accomplished by taking the C 1s line from ad-
sorbed hydrocarbons at 285.0 eV as an internal standard.
Empirically derived atomic sensitivity factors were used for
quantification (39).

Raman spectroscopy. Samples were diluted 5 wt% in
KBr and pressed into a sample holder with an opening of
4-mm diameter. Spectra were excited using the 1064-nm
line of a NdYAG laser (Spectron Laser Systems). The back-
scattered light was analyzed using a Perkin Elmer System
2000 instrument. A laser power of 600 mW was used and

4000 scans were accumulated with a resolution of 4 cm™—1.

Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS). DRIFT spectra were recorded on a
Perkin Elmer System 2000 FTIR instrument with a dif-
fuse reflectance cell and a controlled environmental cham-
ber (both Spectra-Tech) equipped with CaF, windows. The
sample was mounted on a heatable ceramic frit (Al,O3).
Before measurements the catalyst was heated to 300°C for
1 hin asynthetic air stream (Pangas; 20% O; purity, 99.5%;
80% N purity, 99.995%) and dried using a cooling trap
with an isopropanol-dry ice mixture. Spectra were taken
by accumulating 50 scans at a resolution of 4 cm~!. Ammo-
nia (3600 ppm in argon, £2% relative certified, Carbagas,
dried over a KOH-containing cartridge) was adsorbed at
50°C. Thereafter the cell was flushed with argon for 2.5 h.
Temperature-programmed desorption of ammonia (NHj3-
TPD) was performed at a rate of 5°C min~!; spectra were
taken by accumulating 50 scans at a resolution of 4 cm™!
every 50°C. The spectra in the reflection mode were trans-
formed to the Kubelka—Munk function. Then they were
normalized to the silica overtone vibration at 1848 cm™!
(combination mode of Si—O vibrations), as proposed by
Vansant (40). In order to visualize the species resulting from
NHj; adsorption, the spectrum of the unloaded catalyst was
subtracted.

2.3. Catalytic Tests

Catalytic tests for selective catalytic oxidation (SCO) of
NHj; were carried out in a continuous-flow fixed-bed mi-
croreactor made of a quartz glass tube with a 4-mm inner di-
ameter. Volumes of 0.126 cm? corresponding to 45-90 mg of
catalyst (particle size, 150-300 um) were used for the mea-

surements. The reaction gas mixture consisted of 2000 ppm
NH; and 2.0% O, in a helium balance. The gas mixture was
made from single-component gases in a helium (99.999%)
balance (3600 ppm NHj3/He, 7% O,/He certified, £2%,
Carbagas). Feed and product concentrations of NH3, Ny,
NO, N,0O, and O, were quantitatively analyzed online us-
ing a Balzers quadrupole mass spectrometer QMA 112A.

Conversion measurements as a function of temperature
up to 480°C were carried out twice at a gas hourly space
velocity of 24,000 h=! (273 K, 1 atm; STP) after pretreat-
ment of the catalysts in synthetic air (Pangas; 20% O, pu-
rity, 99.5%; 80% N purity, 99.995%; 50 ml min—') at 550°C
for 30 min. The pressure drop over the catalyst bed was
below 0.13 bar at room temperature. For differential activ-
ity measurements the space velocity was gradually raised
from 17,000 h=!' to 50,000 h~! (STP), and the tempera-
ture was adjusted to keep the ammonia conversion below
20%, in order to approximate differential reactor condi-
tions. Turnover frequency (TOF) calculations were referred
to the bulk manganese content. For every measurement a
balance over all nitrogen-containing compounds was cal-
culated. Even for high conversions of ammonia, the devia-
tion in the balance did not exceed £3 %, indicating that all
species, consumed or formed, were accounted for.

3. RESULTS

The main variables changed in the sol-gel synthesis were
type of manganese precursor, the optional prehydrolysis of
the manganese and/or silica precursor, acidity of the sol,
and type and amount of N-base used as gelation agent (see
Table 1).

3.1. Textural and Structural Properties

Table 2 lists the textural properties of all aerogels. In gen-
eral, the aerogels showed a type-IV isotherm with a type-H1
adsorption—desorption hysteresis according to [UPAC clas-
sification. As a representative example, Fig. 1 depicts the
adsorption—desorption isotherms and the pore size distribu-
tion of aerogels al and b1 calcined at 600°C. Base addition
with forced gelation led to more-prominent mesoporosity,
narrower pore size distribution, and higher surface area.

After calcination at 600°C, the BET surface area of the
aerogels was in the range 390-770 m? g~!, with the aerogels
with forced basic gelation showing generally higher sur-
face areas. The pore volumes were in the range 0.7-1.7 cm?
g, except for b3, which showed 2.2 cm? g~!. The aerogels
prepared from manganese nitrate with forced basic gela-
tion had narrow pore size distribution, with maxima in the
range 13-25 nm. Increasing the acidity of the sol in sam-
ple b4 led to slightly higher surface area and mesoporos-
ity in comparison to bI. The sample with the highest sur-
face area and mesoporosity of all aerogels, b3, showed a
BET surface area of 773 m? g~ and a pore volume of
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TABLE 2

Textural Properties of Manganese Oxide—Silica Aerogels

Calcination
temperature SBET Smp” Vp© AVimax?
Aerogel” Q) (m?g™) @@M’g!) (cmPg!) (nm)
al 400 405 225 0.67 60
600 387 191 0.74 50
950 82 0 0.51 40
a2 600 436 199 0.95 38
bl 600 553 108 1.00 18
b2 600 513 187 0.87 13
b3 600 773 80 2.24 25
b4 600 663 100 1.60 22
cl 600 690 138 1.67 n.d

¢ Acronyms of aerogels are explained in Section 2.1.
b Smp denotes the specific micropore surface area derived from ¢-plot

analysis; corresponding specific micropore volumes ranged from 0 to

0.1cm? g1

¢ Vp designates the BJH cumulative desorption pore volume of pores
with maximum diameters in range 1.7-300 nm.

4 dvmay is the graphically assessed pore size maximum of the pore size
distribution derived from the adsorption branch.

2.24 cm3 g1, and the maximum pore size distribution was
25 nm. The aerogels without base addition (al, a2) showed
a noticeable share of micropores. The pore volumes were
in the range 0.6-0.95 cm?® g~! and the maximum pore size
distribution was 40-60 nm. The aerogel synthesized with
Mn(acac); and base addition ¢/ had a very broad pore size
distribution, and also macropores were found. Prehydrol-
ysis of the TEOS for sample a2 led to a narrower size dis-
tribution of the mesopores, whereas BET surface area and
micropore share were nearly the same, as compared with
the sample prepared without prehydrolysis. Calcination at
400°C was investigated for samples al. Increasing the calci-
nation temperature from 400 to 600°Cresulted in a decrease
in BET surface area and pore volume, mainly at the expense
of micropores. Aerogel al, calcined at 950°C, showed a five
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FIG. 1. Adsorption—-desorption isotherm (left) and pore size distribu-

tion (right) of aerogels al and b1 calcined at 600°C.
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FIG. 2. XRD patterns of uncalcined aerogels c!, b1, b2, b3, and b4
(bottom) and of the same aerogels calcined at 600°C in air (top). Sample
cI and all other aerogels (not shown) were amorphous.

times lower surface area (82 m? g~!) than the same sample
calcined at 600°C.

X-ray diffraction analysis of samples b4, b3, and b1 cal-
cined at 600°C showed reflections due to Mn3 Oy crystallites
(hausmannite), about 11-14 nm in size, as determined from
the line broadening using the Scherrer equation (41) (Fig. 2,
top). Note that tetragonal, metastable y-Mn; O3 shows the
same reflections; however, the presence of Mn3;O4 was con-
firmed by Raman spectroscopy. Diffraction patterns corre-
sponding to smaller crystallites were observed for sample
b2. All samples gelled without base addition were X-ray
amorphous, as was the sample produced from Mn(acac)s,
even though ammonia solution was used for gelation. In
Fig. 2 (bottom) XRD patterns of some uncalcined aerogels
are shown. A strong reflection at 31.3° together with less
intense ones at 24.2, 37.7, 41.4, 45.1, 49.6, and 51.5° were
present with samples that showed reflections due to haus-
mannite after calcination at 600°C. Their identity could not
be determined. For the great variety of possible Mn(I1I)
and (II, IIT) hydroxides and Mn(II, IIT) and (III, IV) oxide
hydrates formed by oxidation of alkaline Mn(II) solutions,
the reader is referred to Ref. (36). Acid aqueous solutions
of Mn(II) nitrate were reported to contain predominantly
the pink Mn”*(H,O)s, as complete dissociation of the ni-
trate occurs. The hydrolysis of the hexaaquacomplex is low
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atpH<7.In1M Mn2+(aq) solutions with pH <4 no hydrol-
ysis product was formed (42). In basic medium Mn(OH),
precipitates, which is partially redissolved in excess ammo-
nia, probably due to complexation (43). Oxidation of the
solvated Mn?* is inhibited at low pH, whereas it proceeds
fast in the presence of oxygen at high pH. Solvated Mn(III)
is known to easily disproportionate in aqueous solution.
We therefore suppose that oxidation of the manganese oc-
curs, at least partially, during gelation in the case of basic
conditions.

On the uncalcined b4, nitrammite (NH4NO3), originat-
ing from the sol-gel process, was detected. al heated in
air to 950°C showed formation of small «-Mn, O3 crystal-
lites (not presented), although pure Mn,O3; was reported
to transform to Mn3Oy in air at 870°C (36, 44).

Raman spectroscopy confirmed the presence of haus-
mannite on samples b3, b4, bl, and b2, by an intense vi-
bration at 653-58 cm~! (45, 46). The spectra of all calcined
samples are shown in Fig. 3. The broad vibrations at 610,
800, 980, and 1100 cm~! are due to amorphous silica (47).
The bands at 650, 620, 530, and 585 cm~! of sample b3 are
probably due to MnsOg, whose vibrations were reported
at 648, 617, 577, and 533 cm~!. The spinel is composed
of Mn3"Mnj"Og and could be isolated as an intermediate
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FIG.3. RAMAN spectra of the calcined manganese oxide-silica
aerogels; for comparison the spectra of the pure silica aerogel SibI is
shown.

TABLE 3

Manganese Content (AAS), Binding Energy for Mn 2p;,,, and
Surface Composition (XPS), Surface-to-Bulk Manganese Ratio,
and Mean Oxidation State (TPR) for Manganese Oxide-Silica
Aerogels®

Mn(b) Mean
content Mn 2p3,  Mn(s)/Si(s) Mn(s)/Mn(b) oxidation
Aerogel  (Wt%) (eV) (at%/at%) (at%/at%)  state (—)
al 6.3 642.5 0.042 55 2.7
a2 6.0 642.6 0.032 47 2.8
bl 6.7 642.2 0.034 42 2.7
b2 6.1 642.2 0.043 61 2.6
b3 6.9 641.9 0.020 26 2.9
b4 6.7 642.4 0.054 67 2.9
cl 6.0 642.6 0.047 69 2.7
Mn; 04 — 640.6 2.7
Ml’l203 — — 3.0

4 (b) and (s) refer to bulk and surface, respectively.

during the oxidation of high-surface-area Mn3O4 to Mn, O3
(48). The presence of MnsOg could not be confirmed by
XRD, due to low crystallinity of this phase. On aerogel cI,
a weak band at 655 cm~! indicates the presence of man-
ganese oxide not detectable by XRD. On uncalcined b4 no
vibration due to manganese oxide was detected.

3.2. Chemical Properties

Chemical properties were investigated using atomic
absorption spectroscopy (AAS), X-ray photoelectron
spectroscopy (XPS), temperature-programmed reduction
(TPR), and DRIFT spectroscopy.

Composition. 'The manganese content, determined by
AAS, varied among the aerogels and was in the range 6.0—
6.9 wt% Mn, which is lower than the nominal content of
7.0 wt%. Some manganese was probably extracted with
the solvent by the supercritical CO;. After calcination in
air at 600°C, the aerogels showed negligible amounts of
carbon and nitrogen (0.1-0.3 wt%). The water content of
the materials exposed to ambient conditions amounted to
8-12 wt%. Elemental composition of the surface region was
investigated using XPS. The surface contents of manganese
are listed in Table 3 together with the binding energy of
the Mn 2p3,; photoelectron measured for the calcined sam-
ples. Binding energies between 641.9 and 642.6 eV were
found. The values were higher than the binding energies for
bulk Mn30, (Riedel de Haen, purum), which amounted to
640.6 eV. This may indicate a strong interaction between
manganese and silica, similar to that found for “surface
manganese oxide” on alumina (46). The Mn 2p;,, binding
energy for Mn?* in the spinel MnSiO; was reported to be
642.3 eV, compared to 641.4 eV for Mn3O4 (49). Nitrogen
and carbon were only found in traces, in accordance with
elemental analysis.
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FIG. 4. Hydrogen consumption during temperature-programmed re-
duction of the aerogels calcined at 600°C.

In addition to the bulk manganese content, also the sur-
face Mn/Si ratio varied with the sol-gel method applied
(Table 3). For all aerogels enrichment of the manganese
in the bulk and of silicon on the surface was found. For
the aerogels prepared without base addition the ratio of
surface-to-bulk manganese content, listed in Table 3, was
47-56%, and the bulk manganese content amounted to
6.0-6.3 wt%. Prehydrolysis of the TEOS afforded a low-
ering of the surface Mn content. The sample prepared by
manganese nitrate and ammonia solution b/ had a slightly
lower surface-to-bulk ratio (42%) and a bulk content of
6.7 wt%. With increased acid content and ammonia addi-
tion (b4) a much higher surface-to-bulk ratio was found
(67%). Gelation with N,N-diethylaniline (b2) resulted in a
surface-to-bulk manganese ratio of 61% and 6.1 wt% bulk
manganese. By adding ammonia solution to the same sol
as prepared for b2, however, only 26% of the bulk man-
ganese was detectable by XPS (b3). The bulk manganese
content of this sample was maximal among all aerogels and
amounted to 6.9 wt%. The sample prepared by manganese
triacetylacetonate showed a bulk content of 6.0 wt% and a
surface-to-bulk ratio of 69%.

Temperature-programmed reduction. TPR signals of
the calcined aerogels are shown in Fig. 4. The reduction
onset was at about 150°C for all samples, whereas for pure
Mn;QOy, the onset was at 400°C. Mn3O4 and Mn, O3 showed
maximum hydrogen consumption during reduction to MnO
at 483 and 478°C, respectively. Reduction of Mn,03 to
Mn3O,4 occurs in the range 300-400°C (6). For the mixed
oxide aerogels the maximum hydrogen consumption oc-
curred between 350 and 430°C and hence at a much lower
temperature than for the reference oxides. Reduction to
Mn?* was complete below 480°C for all aerogels.

All amorphous samples showed the maximum hydro-
gen consumption at 350-360°C. Further a shoulder at 380-
400°C and a broadening of the signal toward lower tem-
perature was observed, which was more pronounced with
the samples prepared with manganese acetylacetonate, in-
dicating greater heterogeneity of the manganese species.
The mean oxidation state of these samples before reduc-
tion was calculated from the hydrogen consumption and
amounted to 2.6-2.8 (Table 3).

The samples with crystalline Mn3;O4 and MnsOg (b1,
b2, b3, b4) showed maximum hydrogen consumption at a
higher temperature than for the amorphous samples. The
maximum was between 370 and 433°C and increased in the
series b2 <b3=bl < b4. All samples, except b4, showed
also some small signals in the range 170-270°C. The mean
oxidation state was 2.9 for b4 and b3, and 2.6-2.8 for the
other samples (Table 3). The multiple step reduction in
b3 with weak peaks at 190 and 270°C may be explained
by the presence of Mn** (MnsOg), observed by Raman
spectroscopy.

3.3. DRIFTS Studies

Hydroxyl groups. Figure 5 shows the DRIFT spectra
of the aerogels after in situ pretreatment at 300°C in air.

Kubelka-Munk function / F(R)

ct
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FIG.5. DRIFT spectra of the calcined aerogels, dried in situ in air
at 300°C. Top: Spectra of the aerogels with crystalline Mn3;O4. Bottom:
Spectra of the amorphous aerogels.
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Among the samples with crystalline Mn;Oy4 (Fig. 5, top) the
number of hydroxyl groups in the region 3700-3400 cm™!
decreased in the series b4 = bl > b2 > b3. These hydroxyl
groups are at least partly due to acid hydroxyl groups and
may be assigned to Mn—OH-Si bridging hydroxyls, analo-
gously to the bridging hydroxyls found at 3630-3660 cm™!
in aluminosilicates and ferrisilicates and to the hydroxyls in
iron oxide-silica aerogels (50). For the amorphous samples
(Fig. 5, bottom) the intensity of the vibrations decreased in
the order al > cl = a2.

Ammonia adsorption. Ammonia adsorption at 50°C,
after dehydration of the samples at 300°C, resulted in strong
v(NH) vibrations in the region 3400-2400 cm~! (Fig. 6). No
vibrations from the bulk catalyst interfere in this region.
The total amount of adsorbed ammonia at 50 and 300°C is
listed in Table 4.

Among the crystalline samples (Fig. 6, top) the amount
of ammonia adsorbed at 50°C decreased in the order

Kubelka-Munk function / F(R))

2600 2800 3000 3200 3400 3600 3800
wavenumbers / cm’’

FIG. 6. DRIFT spectra of the ammonia adsorbed on the calcined
aerogels, after in situ pretreatment in air at 300°C. Top: Spectra of
the aerogels containing crystalline Mn3;O,4. Bottom: Spectra of the amor-
phous aerogels. Note that spectra represent difference spectra, derived as
described in Section 2.

TABLE 4
Ammonia Adsorption Uptakes at 50°C (Nsq) and 300°C (N3g9)
Determined by DRIFTS
Nso N300 N300/ Nso

Aerogel (—) (—) (%)
al 43 2.0 4.6
a2 20 0.5 2.5
bl 19 0.5 2.6
b2 14 0.8 5.7
b3 2 0.06 3.0
b4 15 0.3 2.0
cl 11 0.4 3.6

Note. The integrated intensities of the stretching vibrations in the 3400-
to 3000-cm~! region were used as a measure for the ammonia uptake. The
ratio N3gp9/Nsp is taken as a measure of the mean acidity of the catalysts.

bl > b4 = b2 > b3. bl showed broad bands in the range
2600-3100 cm~! due to Brgnsted-bound ammonia, whereas
on the other samples the absorptions at 3368-3382 and
3281-3285 cm™!, assigned to v,s(N-H) and vg(N-H) of
Lewis-bound ammonia, were dominant. During TPD the
N-H stretching vibrations shifted to lower wavenumbers,
indicating the presence of sites with different acidity on the
catalyst. Strongly bound ammonia at 300°C was associated
with bands at 3357-3373 and 3278-3282 cm~!. The vibration
at 3180 cm~! was assigned to the overtone of the 8,,(NH)
of the stronger bound Lewis species, in Fermi resonance
with the nearby stretching vibration vs(NH), whereas the
band at 3210 cm~! was attributed to the overtone vibration
of the weakly bound Lewis species (51), which is supported
by the fact that at 300°C the latter band had almost com-
pletely vanished.

On the amorphous aerogels the stretching vibrations of
Lewis-bound ammonia at 3361-74 (v,(NH)) and 3280~
84 cm™! (v(NH)) were observed at lower wavenumbers
than that on the crystalline samples (Fig. 6, bottom). al
showed intense bands due to Brgnsted-bound ammonia at
about 2800 and 3050 cm™!; less intense bands were found
on a2. After heating to 300°C these bands nearly disap-
peared and strongly Lewis-bound ammonia was detected at
3354-3362 and 3279-3280 cm~'. The ammonia adsorption
capacity at 50°C decreased in the order al > a2 > cl and
was generally higher than for the samples with crystalline
Mn;04 (Table 4). Prehydrolysis of the silicon precursor
afforded lower formation of acid sites with the aerogel
prepared with manganese nitrate. For comparison the silica
aerogel was investigated. The ammonium ions observed in
the presence of gaseous ammonia immediately desorbed
in argon atmosphere.

The broad band at 3200-3000 cm~! is mainly composed
of the symmetric and antisymmetric stretching vibrations
of adsorbed NH;. A combination band of the symmetric
and antisymmetric deformation vibration of NHj species
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may arise around 3000 cm~!. The broad vibration around
2800 cm ™1 is likely associated with the overtone of §,5(NH)
(52, 53). The presence of stretching vibrations due to am-
monium ions in the 3400- to 3200-cm™~! region, where also
Lewis-bound ammonia appears, cannot be fully excluded,
as some narrow bands above 3300 cm~! were assigned to the
unperturbed N-H groups of adsorbed NH; on H-ZSM-5,
in agreement with ab initio calculations (54-56). However,
the v(NH) extinction coefficient of the free N-H is ex-
pected to be lower than that of hydrogen bonded N-H (54,
57). Therefore the intense vibrations observed in our study
in the 3400- to 3250-cm~! region are assigned to Lewis-
bound ammonia. As also reported by Zecchina et al. (54),
the intensity of the consumed OH stretching vibrations
(negative bands) was correlated with the intensity of the
Brgnsted bands. Aerogels al, bl, and b4 showed the high-
est decrease in hydroxyls as well as the highest amount of
Brgnsted-bound ammonia.

The ratio N3g9/Nsg of the amount of ammonia adsorbed
at 50°C (Nsp) and 300°C (N3gp), derived from the integrated
v(N-H) band areas, was taken as a measure of the mean
acidity of the catalysts. The values, listed in Table 4, varied
from 2.0 to 5.7%. Among the amorphous aerogels, al
was the aerogel with the higher ratio. Sample b2 with
crystalline Mn3;Oy, which showed very intense vibrations
due to Lewis-bound ammonia at 50°C, exhibited a value,
57%.

3.4. Selective Catalytic Oxidation (SCO) of Ammonia

The performance of the calcined aerogels in the SCO
of ammonia measured in the range 180-480°C is summa-
rized in Table 5. Figure 7 shows the Arrhenius plots derived
from the differential catalytic measurements. Activity of
the amorphous aerogels was generally lower than that of
the aerogels with crystalline hausmannite (bottom and top
in Fig. 7, respectively). The selectivity also varied among
the aerogels (Table 5). The amorphous aerogels synthe-
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FIG.7. Arrhenius plot of NH; conversion in the SCO of ammonia
over manganese oxide-silica aerogels prepared under different sol-gel
conditions. Bottom: Amorphous samples. Top: Aerogels containing crys-
talline Mn3O4. TOFs were computed from the converted ammonia-per-
surface-manganese content (see text).

sized from manganese nitrate without base addition (al,
a2) afforded a selectivity to nitrogen of 78% at 360°C. Be-
sides nitrogen, nitrous and nitric oxide were formed. The
TOF values at 300°C amounted to 0.36-0.42 (ks)~!. The

TABLE 5

Catalytic Performance of MnO,—SiO, Aerogels in the Selective Catalytic Oxidation of Ammonia to N,

Eact
a 9
NH; N, N,O NO Tor rate (x10°) S(Ny) S(N,O)!

Catalyst (kJ mol 1) (kJ mol~1) (kJ mol~1) (kJ mol~1) (ks™1) (mol of NH; m~2s71) (%) (%)

al 72 63 — 150 0.42° 20.7° 78 13

a2 91 88 — 140 0.36" 5.0 78 21

bl 79 71 93 — 0.56¢ 6.9¢ 23 72

b2 78 71 102 — 0.28¢ 3.7¢ 36 60

b3 81 72 97 — 2.63¢ 11.1¢ 22 74

b4 81 72 93 — 0.25¢ 4.0¢ 30 69

cl 90 84 100 135 0.81° 5.2° 66 24

4 TOF, NH3/[(Mngy) - ks], with Mg, determined by XPS and AAS.
b300°C.
€230°C.
4360°C.
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sample derived from Mn(acac); showed higher activity
(0.81 (ks)~!) at 300°C but combined with lower selectivity to
nitrogen (66% ). More nitrous oxide was formed, whereas
nitric oxide was absent below 360°C. The aerogels with crys-
talline Mn30O4 (some also containing amorphous MnsOg)
were the most active catalysts. For sample b3 a TOF of
2.63 (ks)~! was reached at 230°C, which was the highest
activity among all aerogels. The main product with these
catalysts was nitrous oxide, with a selectivity between 60
and 74% at 360°C, whereas selectivity to nitrogen was
low (22-36%). Figure 8 shows ammonia conversion and

100

80

60

40

20

o

—
N B 0] [o] o
o o o o o

conversion or selectivity / %

o

—
o
o

(0]
o

60

40

20

250 300 350 400 450

Temperature / °C
FIG. 8. Conversion of ammonia (@) and selectivity to nitrogen (O),

nitrous oxide (O0), and nitric oxide (M) for aerogels al, cI, and b3. Integral
reactor studies of SCO of ammonia in the temperature range 200-480°C.
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FIG. 9. Catalytic behavior of acrogels in the SCO of ammonia: rate of
ammonia consumption (®) and nitric (OJ) and nitrous oxide (A) formation
per surface area are shown as a function of the ammonia adsorption at
300°C. Top: Catalysts with high N selectivity. Bottom: Catalysts with low
selectivity to nitrogen. (Note that the rate of nitrogen production showed
the same tendencies as ammonia consumption for all catalysts.)

selectivity achieved with aerogels al, c/, and b3. All cata-
lysts showed a decrease in nitrogen production with increas-
ing temperatures, while NO production increased above
360°C; this was most pronounced with aerogels containing
crystalline hausmannite.

Figure 9 depicts the rates of ammonia conversion and
NO and N, O production as a function of the ammonia ad-
sorbed at 300°C, i.e., the strongly bound ammonia. Nitrogen
production showed the same tendencies as the ammonia
consumption for all catalysts and was therefore omitted.
For the amorphous catalysts with high-to-medium selectiv-
ity to N, (al, a2, cl), activity in SCO was correlated with
the amount of ammonia adsorbed at 300°C, which consisted
mainly of Lewis-bound ammonia. The rates of N, NO, and
N,O production were all correlated to the acidity in the
same manner. Activation energies for these samples were
in the range 72-91 kJ mol~! for ammonia conversion. Ni-
trogen production showed activation energies between 63
and 88 kJ mol~!, whereas NO production had an activation
energy of about 140 kJ mol~! (Table 5). Samples contain-
ing crystalline hausmannite (some of them also containing
amorphous MnsOg) showed an inverse relation between
activity in SCO and ammonia adsorption (Fig. 9, bottom).
Mainly N,O was produced and NO formation started at
360°C. Activation energies were about 80 kJ mol~! for
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ammonia conversion, 70 kJ mol~! for N, production, and
93-102 kJ mol~! for N,O production.

4. DISCUSSION

4.1. Structural Properties

Based on their structural and catalytic properties the
manganese oxide-silica aerogels can be divided into
two distinct groups, the amorphous aerogels from man-
ganese(II) nitrate and manganese(I1I) triacetylacetonate,
and aerogels with crystalline manganese oxide, which were
also prepared from manganese(II) nitrate, but their gela-
tion was forced by addition of a base.

Aerogels prepared from manganese nitrate and by basic
gelation. The aerogels synthesized from manganese ni-
trate show a prominent influence of basic gelation on the
morphology and state of the manganese. The forced ba-
sic gelation applied in b1, b2, b3, and b4 leads to high-
surface-area, mesoporous aerogels with narrow pore size
distribution (Fig. 1). Indeed, high water content and basic
condition enhance the dissolution rate of the polymerized
silica. Below pH 8 also the condensation rate was reported
to increase for aqueous solutions of silicic acid. Phenomena
such as Ostwald ripening and coarsening led to stiffening
of the gel and a decrease in size of micropores (47). After
calcination in air at 600°C manganese oxide crystallites ex-
ist in all samples, as shown by XRD (Fig. 2) and Raman
spectroscopy (Fig. 3). Segregation of the oxides is proba-
bly induced by base addition and hence the calcined aero-
gels show lower ammonia adsorption capacity (Table 4)
and Brgnsted acidity (Fig. 8). Furthermore, the surface Mn
content is lower than for the amorphous samples (Table 3),
although the bulk manganese content is enhanced by the
strong basic conditions (b1, b3). Possibly the observed man-
ganese oxide crystallites are “encapsulated” by amorphous
silica.

Different crystalline manganese oxide phases were ob-
served for sample b3 by XRD and Raman spectroscopy.
In line with the observation made for high-surface-area
hausmannite (48), the small Mn3O, crystallites were par-
tially oxidized to X-ray amorphous MnsOg during calcina-
tion in air. Pronounced segregation was probably induced
by the increased base and water content compared to the
other gels, leading also to high surface area and mesoporos-
ity (47). Analogously, for aerogel b4 prepared with twice
the amount of aqueous ammonia compared to b/, slightly
larger hausmannite crystallites were identified by XRD
(Fig.2). Based on the reduction profile the presence of a sig-
nificant amount of MnsOg on this aerogel can be excluded
(Fig. 4). The higher temperature needed for reduction of
the manganese is probably related to the larger crystallites,
as the reference oxide hausmannite is reduced at higher
temperatures. Concomitantly, the ammonia adsorption ca-
pacity (Table 4) of b4 is slightly lower compared to that of

b1. On both samples probably dispersed manganese oxide
species coexist, as indicated by the pronounced number of
acid hydroxyl groupsin DRIFTS (Fig. 5). Commercial haus-
mannite, under ambient conditions, showed small signals of
Lewis- and traces of Brgnsted-bound ammonia.

Amorphous aerogels prepared from manganese(Il) ni-
trate or manganese(I1l) acetylacetonate. The amorphous
aerogels prepared from manganese nitrate without base ad-
dition show only highly dispersed manganese oxide species
in Raman spectroscopy (Fig. 3). Predominance of dispersed
manganese oxide emerges also from DRIFT spectroscopy
(Fig.5), where acid hydroxyls are detected in large amounts,
and correspondingly high Brgnsted acidity is observed
(Fig. 6). The aerogels are micro- and mesoporous, which
may be due to the absence of base during preparation.

The aerogel prepared by manganese triacetlyacetonate
shows low propensity for formation of manganese ox-
ide aggregates with forced basic gelation, affording good
dispersion of the manganese together with high surface
manganese content. Segregation of the components is
suppressed to a large extent for the aerogels made by
Mn(acac)s, due to the lower reactivity of the complex. Man-
ganese oxide nanoparticles are present after calcination, as
seen by Raman spectroscopy. Surface acidity is in general
lower than that of the amorphous aerogels prepared from
manganese nitrate, due to the lower dispersion of the man-
ganese. Concomitantly ¢/ shows low ammonia adsorption
and no Brgnsted acidity (Fig. 6). In the TPR profile (Fig. 4)
pronounced broadening of the signal is probably due to the
presence of manganese oxide nanoparticles, as indicated by
Raman spectroscopy, whereas the symmetric signal at 350—
360°C may be related to the dispersed manganese oxide
species, similar to that found for the amorphous aerogels
prepared by manganese nitrate. The precursor has only lit-
tle influence on the textural properties of the calcined aero-
gels, as similar surface area and pore volumes are found for
¢l and b4.

Effect of prehydrolysis. Prehydrolysis of the silica did
not enhance dispersion of the manganese in the case of the
manganese(II) nitrate precursor (a2). Interaction of Mn(II)
with the silica is probably weak, as also indicated by the
loss of manganese during extraction with supercritical CO5,
leading to low bulk manganese content for some aerogels
(1-20% lower than the nominal value).

4.2. Catalytic Properties

The state of the manganese could be identified as the
most crucial factor determining the catalytic properties in
the SCO of ammonia. The main difference in catalytic be-
havior is observed between the aerogels with crystalline
manganese oxide and the amorphous aerogels. The cata-
lysts containing substantial amounts of manganese oxide
exhibit higher activity and remarkable selectivity to N,O
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(60-74%), whereas the amorphous aerogels afford a selec-
tivity to nitrogen up to 78 %. High selectivity toward nitrous
oxide was observed also for hausmannite above 150°C, and
nitric oxide formation started at 250°C (58). Among the
aerogels investigated the activity per surface manganese
content and the rate per surface area are highest for b3.
Activity toward nitrous oxide production correlates with
the presence of the manganese oxide species reducible at
temperatures below 220°C (Fig. 4). This may be due to the
presence of MnsOg (TPR, Raman), whose oxidation state
is higher than that of Mn3O4. Mn; O3 and MnO; were more
active per surface area in SCO than Mn3; Oy (58). Addition-
ally to the Mn** content, the metastability of this oxide may
play an important role in its activity in N, O formation.

Differential reactor measurements for these catalysts in
the range 200-280°C revealed that the activation energy
for N,O formation is higher than that for nitrogen, which
explains the appearance of the former at higher temper-
atures. Also for Mn,0j3, producing mainly N,O, an acti-
vation energy very close to these samples was determined
(28). The conversion of ammonia shows a negative corre-
lation to the amount of strongly bound ammonia at 300°C;
concomitantly selectivity to nitrous oxide decreases (Fig. 9,
bottom). Note that on b4 no MnsOyg is detected (TPR),
showing therefore lower activity.

In contrast to the samples with manganese oxide crystal-
lites, increasing ammonia adsorption enhances the ammo-
nia conversion for the highly dispersed manganese oxide—
silica aerogels (Fig. 9, top). Concomitantly, the relative
acidity of the aerogels increases, as revealed by the share
of ammonia adsorbed at 300°C (Table 4). The samples, for
which the presence of manganese oxide clusters is not re-
vealed in Raman spectroscopy, are the most selective to
nitrogen. The large amount of dispersed manganese oxide
is probably the reason for the high amount of Lewis-bound
ammonia at 300°C. The acidity and hence the adsorption
strength of the ammonia may play an important role in the
dehydrogenation step of ammonia.

5. CONCLUSIONS

Manganese oxide-silica mixed oxide aerogels were syn-
thesized by the sol-gel method combined with supercritical
drying. Depending on the sol-gel conditions (precursor, hy-
drolysis, and gelation conditions) and the calcination tem-
perature, the structural, chemical, and catalytic properties
of the aerogels changed drastically.

Textural properties of the aerogels were strongly influ-
enced by base addition during gelation and by the calci-
nation temperature. Reactivity of the manganese precur-
sor, base content of the sol, and calcination temperature
affected the state of the manganese. Depending on con-
ditions different manganese oxide species formed, ranging
from crystalline Mn3;O4 and amorphous MnsOg to highly

dispersed manganese oxide. Crystalline Mn3O4 and amor-
phous MnsOg were observed when using Mn(II) nitrate
and base, whereas with Mn(III) (acac); the formation of
amorphous manganese nanoparticles was favored under
the same conditions. Highly dispersed amorphous mixed
oxides could be prepared using Mn(II) nitrate without base.

The catalytic properties of the aerogels were tested
using the selective catalytic oxidation of ammonia. The
amorphous aerogels with highly dispersed manganese ox-
ide showed high selectivity to nitrogen (78%), whereas
the aerogels containing crystalline Mn3O4 and amorphous
Mn;sOg afforded N,O as the main product, reaching a se-
lectivity of 74% at 360°C. The propensity of the aerogels
to form nitrogen was found to be correlated with the abun-
dance of Lewis-bound ammonia, which was higher on the
amorphous dispersed mixed oxides.
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