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Abstract

Silica-supported Mo@catalysts with Mo@loadings up to 21% w/w were prepared, characterized and tested in the selective
catalytic oxidation (SCO) of ammonia toNinder dilute conditions. It is found that the catalysts are active and selective in
the reaction, and that the catalytic performance increases on increasing the Mo loading. Crystallie@&ieced over the
silica support, is supposed to be the active species in the reaction. The reactivity of the catalysts is depressed by water addition
to the feed at low temperatures and is enhanced by the presence of selected promoters, like Bi and Pb. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction removal under oxidizing conditions is also of inter-
est for the control of ammonia slip in SCR units
The abatement of ammonia from gaseous waste (4NHz+4NO+O2—4Nx+6H,0), that accordingly
streams is becoming an important issue due to the could be operated at higher NHO ratios thus
increasing environmental concerns. Ammonia can be improving the NQ removal efficiency.
eliminated in several ways, including biological treat-  Several catalysts were proposed for the \bi-
ments, absorption, thermal incineration, catalytic ox- dation to molecular nitrogen, including supported ox-
idation: among these methods, the selective catalytic ides (e.g. V/TiQ [1], MoOs/SiO; [2-5], Cu-Mn/TiG,
oxidation (SCO) of ammonia to innocuous nitrogen [6]) and noble metal based catalysts (Pt, Pd and Rh
and water according to the following stoichiometry: ~ supported on AlOs and ZSM-5 [7]). Among these,
MoOs based catalysts investigated in earlier works
4NH3 + 30, — 2Nz + 6H0 (1) [2-5] showed interesting activity and selectivity char-
acteristics in reaction (1). For this reason, in this work
the reactivity of silica-supported Maf@atalysts in the
selective oxidation of ammonia to nitrogen was inves-
"+ Correspondig author. Tel+39-02-2399-3272; tigated. Catalysts h:aving different Mo content were
fax: +39-02-7063-8173. prepared, characterized and tested in the SCO reac-
E-mail addressiuca.lietti@polimi.it (L. Lietti). tion. The effect of the operating conditions and of the

is of potential interest since it would be suitable for
a wide range of applications. A technology for jlH
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addition of promoters on the catalyst activity and se- 3. Results
lectivity have also been addressed.
3.1. Characterization studies

2. Experimental 3.1.1. XRD and morphology

For all the prepared Mogx)/SiO, samples, the
only detected phase by XRD is crystalline MO

MoO3/SiO, catalysts with molybdenum content of Very vyeak XRD reflections were observed in the sam-
6, 12, 16 and 21%w/w were prepared by incipient Pl€ with the lowest Mo loading (Mo&=6% w/w),
wetness impregnation of an Aerosil 200 Si€upport ~ Whereas for higher Mo®loading the Mo@ crystal-
with an aqueous solution of ammonium heptamolydate €S were well evident. The morphological charac-
complexated with citric acid. The resulting precursors (eristics of the support are moderately modified upon

were dried at 383 K overnight and calcinated at 823k M0Os addition up to 21%w/w: the BET surface area
for 3h. decreases progressively from 16&mfor the silica

Pb-, Te- and Bi-doped MoglSiO; samples were support down to 123Atg for the MoQ(21)/SiQ
obtained starting from a dried MegSiO, catalyst san_1p|es whereas_ thg_ pore volume and the mean pore
precursor (Mo@=16% wiw) by further impregnation radl_u_s are not sngmﬁcantly affected by molybdena
with aqueous solutions of Pb(N, HeTeQs and addition and are in the range 0.56-0.60cc/g and
Bi(NO3)3-5H,0, respectively. In all cases, a nominal  /9-90 A, respectively.

2.1. Catalyst preparation

Mo/Me (Me=Pb, Te, Bi) atomic ratie1/20 was se- The addition of the Pb,_ Te and Bi promoters
lected. After impregnation, the catalysts were dried (PPO=1.3, TeQ=0.9 and ByOs=1.3%w/w) to the
and calcined at 823K for 4 h. MoO3(16)/SiQ, catalyst only slightly modifies its
morphological features: the surface area is not af-
2.2. Catalysts characterization fected by PbO addition whereas it drops to 123 and

85 mz/g following the BrO3 and TeQ addition, re-

Surface area and pore size distribution measure- spectively. No significant modification in the pore
ments, XRD, FT-IR, Laser-Raman and [HIPD volume and pore radius was observed for the Pb- and

analyses were performed as reported elsewhere [8]. Bi-promoted samples, whereas a slight increase of the
pore radius and a corresponding decrease of the pore
2.3. Reactivity measurements volume was observed in the case of the Te-doped
sample, in line with the observed decrease of the
Catalytic activity measurements were performed in surface area value. Only the crystalline Mp@hase
a quartz tubular fixed-bed microreactor (@Fd.mm) was observed by XRD in all cases: the crystallite di-
operating at atmospheric pressure. In a typical SCO mensions, estimated by the Scherrer method, do not
run, 128 mg of catalyst (100-150 mesh) were used differ with respect to the unpromoted samples.
and a stream of NE1(960 ppm)-O2 (9000 ppm}-Ar
(1500 ppm, internal standard) in He (total flow 3.1.2. Spectroscopic studies
rate=120 cn¥/min (STP)) was fed to the reactor Information concerning the structural and vibra-
maintained at a desired temperature value for at leasttional characteristics of molybdenum on the &iO
2h. In selected experiments, NO (960 ppm) was also surface were provided by the spectroscopic analysis
present in the feed stream. The effect of water vapor (FT-IR and FT-Raman). The FT-IR spectra (KBr
on the catalyst reactivity was investigated by feed- pressed disks) of the Maf{x)/SiO, samples, not re-
ing a wet feed (HO=0.5 and 1% v/v) by saturating ported for brevity, show strong absorptions in the re-
the He stream with a saturator. Analysis of reaction gion 950-1250 cmt, at 808 and at 472 crit, which
products was performed by using a mass spectrome-are due to the silica support. In addition to these ma-
ter (Balzers QMS 200) and a gas chromatograph (HP jor absorptions, in the samples with the highest Mo
6890). Further details on the experimental setup and content (i.e. 16 and 21% w/w) additional components
procedure can be found elsewhere [8]. are evident at 990, 864, 820 and 583¢mThese
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bands, which can be hardly detected in the samplesout a very weak Ni3-SiQ, interaction. Fig. 1 shows

with MoO3=6 and 12% w/w, can be attributed to
crystalline MoQ.

The FT-Raman spectra of all the MefSiO, sam-
ples show a modulation in the baseline near 800tm

the results of the ammonia TPD runs performed over
the Mo(Q;(16)/SiIG catalyst. NH-TPD experiments

were performed in the case of the other samples as
well, and similar results were obtained. The desorp-

due to the silica support, and additional bands near 990 tion of significant amounts of Nfiwas observed, with

and 820 cm! which can be associated with the pres-
ence of crystalline Mo@[9]. These bands, which are
already visible in the sample with the lowest Mo con-
tent (6% w/w), increase in intensity on increasing the
MoOj3 content. It is noteworthy that no bands were ob-
served near 960 cnt, which are typical of the Me-O
stretching mode of molybdenil species [9].

3.1.3. Adsorption of ammonia
The interaction of the reactant (i.e. ammonia) with

a maximum near 15@€. Minor amounts of water also
desorb in the samé&range where Ngl evolution oc-
curs, along trace amounts o, NThe non-negligible
amount of water desorbed in the TPD experiments is
likely related to two distinct effects, i.e. (i) presence
of water impurities in the Nkl feed, and (ii) surface
dehydroxylation. The first effect is possibly of minor
importance when compared to the surface dehydroxy-
lation, as already discussed in [8] for Ti@upported
MoOs. Formation of N is likely associated with

the catalyst surface was investigated by means of oxidation of surface-adsorbed ammonia.

NH3-TPD experiments and FT-IR of adsorbed ammo-
nia. Preliminary TPD experiments performed in the

The interaction of ammonia with the catalyst sur-
face has been investigated by spectroscopic tech-

case of the pure silica support showed that ammonia is niques. The FT-IR spectra recorded after adsorption of
not appreciably adsorbed on the support, thus pointing ammonia over the Mog§16)/SiG, sample are shown
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Fig. 1. NH;-TPD experiments performed over the Mg(@6)/Si0; sample. NH, H,O and N concentration traces as a function of
temperature. The inset shows the results of the;dRMH-IR experiments performed: (a) in the presence ofzNBD Torr); (b) evacuated at

RT: (c) 150C; (d) 250C; (d) 350C.
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in the insert of Fig. 1. After contact with Ng-gas the
bands of ammonia adsorbed molecularly on Lewis
acid sites (bands at 1604 and 1612¢n(5asNHa)
and the corresponding N—H stretching at 3410, 3385,
3280 and 3180cmt, not shown) and on Brgnsted
acid sites (bands at 1663s(mNH4) and 1448 cm?
(3asNH4) and the associated stretching in the region
3100-2600 cm?, not shown) are apparent. The bands
of the NHs symmetrical bendingbgymNH3), expected

in the range 1260—1150 cmh, are not shown because
the spectral region is obscured by Si—O absorption.

Upon outgassing at increasing temperatures, the bands

associated to ammonium ions decrease in intensity
and completely disappear after evacuation at°250
while the bands associated to ammonia on Lewis acid
site are, although strongly reduced in intensity, again
detectable. These bands disappear only after out-
gassing at 35(C, in line with TPD results showing
that complete desorption of ammonia is attained in this
temperature range.

3.2. Reactivity studies

3.2.1. Reactivity Mo@ISiO, catalysts

The results of catalytic activity measurements per-
formed in the SCO reaction over the investigated
MoO3/SiO, samples are shown in Fig. 2A and B in
terms of NH conversion and B selectivity, respec-
tively. In the case of the sample with the lowest MpO
loading (i.e. 6% w/w), appreciable NHconversion
is seen above 25C. The NH; conversion increases
with temperature and approaches 90% at°800rhe
N> selectivity is over 90% at 30 but declines with
increasing conversion, and is near 75% at “600
The decrease in the J2Nselectivity is primarily re-
lated to the formation of NO and, to a minor extent,
of N»O.

On increasing the Mo loading from 6 to
12% w/w, an increase in the catalyst activity is ob-
served. Ammonia is converted starting from 260
and complete Nl conversion is achieved at 450—
480°C. The N selectivity is higher with respect to
the MoG;(6)/Si0, sample at low temperatures but
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Fig. 2. Catalytic activity data of the Mof(x)/SiO, samples in the
catalytic oxidation of ammonia.

90% were attained at 50C in the case of the sample
with the highest Mo@ loading (i.e. 21% w/w).

3.2.2. Effect of the N§linlet concentration

The effect of the NH inlet concentration on the cat-
alytic performances was investigated. The data were
collected in this case under temperature programming,
i.e. by heating the catalyst at AG/min while contin-
uously monitoring the gases exiting the reactor. Fig. 3
shows, in the case of the Ma(16)/SiQ, sample taken
as example, the outlet product concentrations moni-
tored as a function of temperature upon feeding 960,
430, 180 and 70 ppm of ammonia (cunad, ¢ and
d, respectively). The estimated;Nselectivity values
have also been reported, along with the corresponding
values obtained under steady state conditions obtained

rapidly decreases at high temperature, where completewith NH3=960 ppm (filled squares). From Fig. 3 it
ammonia conversion is reached. For further increasesappears that the temperature threshold for the occur-

of the MoG; loading, a leveling off in the catalyst
activity is observed, but a significant increase in the
N> selectivity is also evident. Notably,JNjields near

rence of the SCO reaction, monitored by the forma-
tion of Np, is apparently not affected by the inlet NH
concentration in the investigated range, being in all
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Fig. 3. Effect of the NH inlet concentration on the catalytic performances of the M@a6)/SiG: sample in the catalytic oxidation of
ammonia. NH inlet concentration: (a) 960 ppm; (b) 430 ppm; (c) 180 ppm; (d) 70 ppm.

cases near 25C. The N production decreases upon results (not reported for the sake of brevity) were also
decreasing the ammonia concentration, as expected,obtained over the other Ma{Bi0O, samples as well.
along with that of NO and PO by-products. The de-

crease in the plformation is however more strongly  3.2.3. Effect of water addition

affected by the inlet ammonia concentration with re-  The effect of the presence of;8 in the feed (0.5
spect to NO, so that the\selectivity decreases upon and 1%v/v) was also investigated. Fig. 4 compares
decreasing the ammonia inlet concentration. Similar the catalytic activity data obtained with a dry feed
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Fig. 4. Effect of water on the catalytic performances of the M@YSIO, sample in the catalytic oxidation of ammonia,® inlet
concentration: 0.5% v/v.



192

(solid symbols) with those obtained in the case of a
wet feed (HO=0.5% v/v, empty symbols) over the
MoO3(6)/SiO, sample. It clearly appears that even for
low water contents (0.5%) the reactivity of the catalyst
is strongly reduced, since the Nldonversion curve is
shifted some 58C towards higher temperatures. Sim-
ilar results have also been obtained with higher water
contents, i.e. 1%v/v (not reported). This apparently
indicates that the KD inhibition tends to level off at
high H,O concentrations. Selectivity values estimated
from the data reported in Fig. 4 also showed that the
presence of water reduces the formation gfONand
NO by-products with respect toJ\i.e. increases the
N> selectivity.

3.2.4. Effect of NO addition

The NHg oxidation reaction was carried out over
selected Mo@'SiO, samples also in the presence
of NO, i.e. under typical SCR conditions (960 ppm
NH34-960 ppm NOG-1%v/ivO, in He). The results
obtained in this case, not reported for the sake of
brevity, indicated that the Niconsumption is not
appreciably modified by the presence of NO (i.e. the
ammonia conversion closely resemble that shown in
Fig. 2). On the other hand, a limited NO consump-
tion (less than 100 ppm) was observed above®B00
Among the reaction products, the formation of N
has not been affected, whereas that gONs signifi-
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Fig. 5. Catalytic activity data of the Bi-, Pb- and Te-promoted
MoOs(16)/Si®; sample in the catalytic oxidation of ammonia.

catalysts. It appears that for the Pb- and Te-doped
samples the NEl conversion is only marginally af-

cantly increased in the temperature range where NO fected by the presence of the promoters, whereas in
is converted. Hence the data clearly indicate that the the case of the Bi-doped sample a significant increase

MoO3/SiO, catalysts do not show any appreciable
activity in the SCR reaction under the investigated ex-
perimental conditions, and that NO is likely involved

in N2O formation.

3.2.5. Effects of additives on the SCO reaction

in the catalyst activity in the high temperature region
(above 350C) is observed. Notably, the presence of
the additives, and particularly of Pb and Bi, signif-
icantly increases the Nselectivity with respect to
the undoped Mog(16)/Si& sample. As a matter of
fact, N; yields approaching 100% at 40D can be

Biermann and Janssen [2—4] have reported that the obtained under the investigated operating conditions

presence of Pb impurities in silica supported MoO
samples increase the reactivity in the SCO reaction.
Accordingly, the effect of Pb doping on the activity
and selectivity of the Mog@/SiO, samples was inves-
tigated, along with that of other additives (Bi, Te) in
view of their well known effects on the activity and
selectivity of MoG-based catalysts in selective oxi-
dation reactions [10].

Fig. 5 compares the results obtained in the SCO re-

action over the undoped Ma16)/SiQ sample with

in the case of the Bi-doped sample.

4. Discussion

The results presented so far clearly indicate that
silica-supported Mo@ catalysts are active and se-
lective in the oxidation of ammonia to molecular
nitrogen. XRD, FT-IR and Laser-Raman have indi-
cated that the catalysts are constituted by crystalline

those obtained in the case of the Pb-, Bi- and Te-doped MoO3z which is supported over the silica support.
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The presence of crystalline M@Qvas pointed out by  associated with crystalline MaQin line with previ-
XRD and Laser-Raman already in the sample with ous suggestions indicating that the reactivity in the
the lowest molybdena content, and is well evident for SCO reaction is due to “combined” Mo species in
the samples with higher Mo content. The presence of MoOg3 crystallites [2—4]. According to Biermann and
other supported oxide species, e.g. isolated mono-oxoJanssen [2—4], these “combined” sites provide two ad-
molybdenil species, has not been pointed out in our jacent ammonia reaction sites on which Nkpecies
study but cannot be ruled out. The presence of crystal- are formed by H-abstraction from adsorbed ammonia;
lite MoOj3 already at low loadings, below the theoreti- Ny and water are then formed upon recombination of
cal monolayer capacity of the support, is however not two adjacent NH species followed by decomposition
surprising in view of the low dispersing capacity of the of the intermediate surface species [4]. According to
silica support with respect to other oxide supports [11]. de Boer et al. [5], NO is formed upon oxidation of
NH3-TPD data indicate that ammonia, i.e. the reac- an adsorbed NHspecies by lattice oxygen, whereas
tion reactant, is not appreciably adsorbed on the bare the most likely mechanism for nitrous oxide formation
SiO, support but is significantly held on the catalyst likely involve the reaction of an in-situ generated NO
surface when Mo oxide is present. FT-IR analysis molecule with an adsorbed NHspecies (“sequential
indicates that in this case ammonia is present as bothmechanism”). This mechanism may also be respon-
molecularly adsorbed ammonia on Lewis acid sites sible for N, production. It is hence argued that N
and as NH™ ions on Brgnsted acid. The spectra are selectivity can be enhanced by (i) increasing the site
strongly different with respect to those recorded on density where NH species form, and (ii) by “tuning”
the bare SiQ support [12], where only bands due the catalyst oxidizing properties so that lattice oxygen
to weakly adsorbed ammonia on surface silanols are does not readily react with NH
observed, in line with the results of NHTPD ex- Our data basically agree with such a picture. As a
periments. Accordingly these data show, in line with matter of fact, on either increasing the Mg®ading
literature data, that molybdenum addition on $iO or the ammonia inlet concentration, a beneficial effect
causes the formation of new Brgnsted and Lewis acid on the N selectivity was observed. In line with previ-
sites [13]. Ammonia adsorbed over Lewis acid sites ous suggestions, the increase of the Mo loading would
is thermally more stable than NHadsorbed over  result in an increase of the “combined” Mo sites in
Brgnsted acid sites. the MoG; crystallites (i.e. the site density), whereas
The activity of the catalysts in the ammonia se- the increase in the ammonia partial pressure would in-
lective oxidation increases on increasing the molyb- crease the recombination probability of two adsorbed
denum loading, but a leveling off is apparent for NH, species, i.e. would favor the;NMormation instead
MoOj3 loading above 12% w/w. On the other hand, of that of NO by-product.
it is noteworthy that the pselectivity monotonically Notably, the addition of NO to the reacting system
increases with the Mo®loading in the investigated does not significantly alter neither the Nidonsump-
composition range, so that,Nields near 90% could  tion, nor the N formation. This may suggest that
be attained at 50C in the case of the sample withthe NO does not readily react with adsorbed ammonia
highest MoQ@ loading (i.e. 21% w/w). In this respect according to the SCR reaction, in contrast with data

our results appear to be at variance with those previ-
ously reported by Biermann and Janssen [2—4], indi-
cating that silica-supported Maatalysts are active
in the NH; oxidation to N only for MoOgs loadings
above 15% w/w. These differences can be likely as-
cribed to the different catalyst preparation method em-
ployed in our work and in [2—4], i.e. impregnation vs.
deposition—precipitation, possibly leading to Mo sup-
ported oxide species having different characteristics.
On the basis of the characterization data, the ac-
tive sites for the ammonia oxidation reaction are likely

collected over Ti@-supported Mo@ catalyst sam-
ples [8]. This apparently rules out the hypothesis of
an “internal” SCR mechanism for /Nformation over
silica-supported Mo@ catalysts, i.e. a sequential
mechanism involving the formation of intermedi-
ate NO followed by its reaction with adsorbed NH
species leading to N On the other hand, the presence
of NO increases the §D production, and this may in-
dicate that such species originates via reaction of NO
with a surface intermediate NHspecies, in line with
previous hypothesis [5]. Alternatively, nitrous oxide
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may be formed upon reoxidation by NO of the re-
duced catalyst active sites (2NQe™— 0%~ +N,0),

L. Lietti et al./Catalysis Today 61 (2000) 187-195

and/or to the participation of Pb ions in the redox
cycle of the reaction. In our case, XRD analysis ap-

even if reoxidation by gas-phase oxygen is expected parently ruled out any effect of the promoters on the

to be much faster.
The negligible activity of the silica-supported MgO
samples in the NEH-NO reaction parallels previous

MoOj3 crystallinity, since the Mo@ mean crystallite
dimensions, determined by the Sherrer method, are
not affected by the presence of the promoters. On the

results reported by Biermann and Janssen [2—4] over other hand, temperature programmed reduction (TPR)

similar catalytic systems. Notably, data reported by
some of us [8] showed that M@Qwhen supported
over TiQp, is quite active in the SCR reaction. This
apparently points out the different reactivities of the
Mo oxide species supported over Siénd TiQ, e.qg.
crystalline MoQ (possibly the active species in the
ammonia oxidation reaction and in the formation of
N2O in the presence of NO as well) vs. dispersed Mo
species (active species in the SCR reaction [8]).

The presence of $O in the feed significantly re-

measurements which are currently in progress in our
labs over Bi-doped MogISiO, samples point out a
significant modification of the catalysts redox prop-
erties upon addition of the promoters. Hence, these
preliminary data suggest a complex interplay between
the Mo component and the various additives, partic-
ularly Bi, which likely interfere with the Mo redox
properties, e.g. via a remote controlled redox process.
These features are in line with the well known effects
of additives (and specifically of Bi) on Mofbased

duces the reactivity of the catalyst, and as a result catalysts for selective oxidation reactions, e.g. am-

the NHg conversion curves are shifted towards higher

moxidations [10]. Work is presently in progress

temperatures. However, the water effect apparently in order to better enlighten these aspects, specifi-

levels off at high water content and is lower at high
temperature. It is likely that the observed reduction
in activity is related to the competition of water on

the adsorption on the active sites: accordingly, the

cally the role of additives (such as Bi) on the SCO
reaction.

minor effects observed at high temperatures can be5. Conclusions

associated to the stronger interaction of \With the

catalyst active acid sites when compared to the less

basic water molecule. It is noteworthy that the pres-
ence of water also reduces the formation efONand
NO by-products with respect toJ\that is, increases
the Np selectivity: this feature was observed in the
NH3+NO reaction over Ti@-supported YOs—MoO3

The reactivity of pure and Bi-, Te-, and Pb-doped
silica-supported Mo@ catalysts was investigated in
this work. Unpromoted catalysts are made up by
crystalline MoQ, which is supported over the silica
carrier. Reactant ammonia is adsorbed over the cata-
lyst surface both in the form of molecularly adsorbed

catalysts as well [14], but the mechanisms through ammonia on Lewis acid sites and as }Ians on

which H,O exerts its inhibiting effects on 40 and
NO formation are still rather obscure.
Finally, the effects of additives (Pb, Bi and Te) on

the SCO reaction was investigated. It was found that,

Brgnsted acid sites: these acid sites are formed upon
addition of molybdenum to the silica support. The
catalysts are active and selective in the oxidation
of ammonia to molecular nitrogen: their activity in-

in the range of the investigated compositions, the creases on increasing the molybdenum loading, but

Pb additive increases the;Nelectivity with respect

a leveling off is apparent at high MaOloadings,

to the undoped sample, whereas Bi increases bothabove 12% w/w. On the other hand, the $&lectivity

the activity and selectivity. Notably, in this case N
yields approaching 100% at 40D could be obtained

monotonically increases with the M@Qoading in
the investigated composition range (Mp®@adings

under the investigated operating conditions, making up 21% w/w).

the catalytic performances of these catalysts very in-

The activity of the catalysts is inhibited by the

teresting. In the case of Ph, Biermann and Janssenpresence of bO in the feed. However, the water ef-

[2-4] attributed the beneficial effect of the additive
to the higher crystallization of the Ma{crystalline

fect apparently levels off at high water contents and
decreases at high temperature. Also, it is noteworthy

phase (considered the active phase in the reaction)that the presence of water reduces the formation of
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N2O and NO by-products with respect te Nhat is,
increases the Nselectivity.

Catalyst promotion by additives (Pb, Bi and Te)
increases both the catalyst activity and selectivity,
particularly in the case of Bi. Notably, in this case N
yields approaching 100% at 40D could be obtained
under the investigated operating conditions, making
this catalytic system very promising. The observed
increase in the catalyst activity and selectivity is
likely related to the modification in the catalyst redox
properties induced by the additive, since the cata-
lyst structural and morphological properties are not
significantly modified by the addition of the promot-

ers. However, additional studies are needed to better

clarify the role of the additives on the SCO reaction.
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