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Abstract

A complex of kinetic and physicochemical methods: temperature-programmed surface reaction (TPSR), pysing M0, (1805)
reaction mixture, and infrared and photoelectron spectroscopies, was used for characterization of the highly selective supported manganese
bismuth oxide catalysts and for the study of the mechanism of the ammonia oxidation. Ammonia oxidation was demonstrated to proceed
via alternating reduction and reoxidation of the catalyst surface with participation of the lattice oxygemthitdcts with weakly bonded
oxygen species through hydrogen atom abstraction to form adsorbed [N] species, which are localized amtMMi+ (2 < § < 3).
Manganese ions with different oxidation degrees ¥r{Mn4+) and M{+) serve as active sites of the catalyst surface. The correlation
between the selectivity toward-# and the portion of manganese in the ¥n(Mn%*) state was established. Bismuth oxide plays an
important role by increasing the quantity, mobility, and thermal stability of the subsurface oxygen. The reaction kinetic scheme is suggested
based on the experimental results. Numerical simulation of TPSR data confirms the reliability of the proposed reaction mechanism.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction (2) NO, as the main intermediate, interacts with Ntd
form N2 and with Nygsto form N>O [6,7].

(3) Formation of a dimmer (hydrazine) from NHpecies

results in the formation of py and formation of nitroxyl

(HNO) through interaction of Nihsand Qgqs leads to

formation of NO [10,12,13].

Numerous papers are devoted to the mechanism of low-
temperature ammonia oxidation into nitrous oxide and nitro-
gen on heterogeneous catalysts. Experimental studies were
carried out with metals [1-7] and oxides [8-14]. Ammonia
oxidation was shown to occur by alternating reduction and
oxidation of the catalyst, similar to the oxidation of hydro-
gen, CO, and general organic substances [1].

Numerous authors consider formation of Nidpecies
through oxydehydrogenation of ammonia as the first reac-
tion stage. As to the next stages, there are several opinions:

A common feature of these stages is that the oxygen—
catalyst bond is either formed or broken. The catalytic activ-
ity and selectivity are shown [8,15] to substantially depend
on the oxygen bond energy measured by the heat of reac-
tion: 0.5Q + [ ] — [O]. The higher the heat of reaction,
the higher the selectivity to nitrogen. Nitrous oxide selec-

. . . tivity decreases in the transition metals series as follows:
(1) Successive abstraction of hydrogen atoms results in thept> Pd~ Ni > Fe= W = Ti.

formation of ies. Interaction of n . . I .
t\(/)voNa ° :)0 d[\&gsésspl\?(c)easn q ﬁ\ler:sc gcti?/eélas [(2)""25’5? d Similarities between catalytic ammonia oxidation with
adsP P Yo l£:2:0 gaseous oxygen and solid oxide reduction with ammonia [8]
provide independent evidence for the participation of [O]
T Corre . species and the determination of the role of their surface con-
orresponding author. . . . . . T
E-mail addressedesla@catalysis.nsk.su (E.M. Slavinskaya), centration in the reaction kinetics. These similarities are as
ppnott@solutia.com (P. Notté). follows:
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(1) products of the same composition are formed during the ble impregnation of the support: incipient wetness impreg-

catalytic reaction and the reduction; nation of a weighed support sample with a solution of mixed

(2) longer reduction time results in an overall reduction of manganese (Il) and bismuth (l11) nitrates taken in a certain
the rate of ammonia transformation; volume was followed by drying at 80-13C. The dried

(3) the rate of the catalytic reaction equals the reduction rate sample was impregnated once again with a solution of the
at the same surface oxygen coverage; said nitrates and dried at 80-130.

(4) selectivity to nitrogen increases while selectivity to ni- All the synthesized samples were calcined at 400, 550,

trous oxide decreases when the reduction time is ex- and 750°C for 2 or 4 h. The salts were manganese nitrate,
tended, i.e., when the surface oxygen coverage shrinkspin(NOs),-6H,0, Aldrich index 28,864-0, and bismuth ni-
and, correspondingly, the surface bond energy increasestrate, Bi(NQy)3-5H,0, Aldrich index 38,307-4. Alumina in
) . o ] a- andy-modifications were used as the supports.
Hen'ce, interaction of ammonia with the.surface is accom-  These manganese—bismuth oxide catalysts contain mul-
panied by electron transfer from ammonia molecules to the tiple phases [19]. Apart from the support, they comprise

Catlf‘f‘rl]ySt' hani ¢ ) idati | individual manganese oxides (Ma{Mn,03), bismuth ox-
e mechanism of ammonia oxidation over complex ox- ;. (Bi,O3), and their interaction products.

e et oy Underloos, However Some el Catayss Nin-Bi-01-A10, calned at 400C com-
9 9 P prise MnQ, traces of undecomposed Bi(N)J3, and a-

oxide cgtalyst‘_s, on metals, and on.S|.mpIe oxides are pre-A|203. A higher temperature or longer time of the thermal
sented in the literature. These are similar temperature prod-

; . . treatment favors the formation of phasesfMn,03, a-
uct formation relations [16] and the same product composi- Bi»O d their int i duct. BinaO-o. Th i
tions formed by reduction and by catalytic oxidation reaction 5293 @nd their interaction product, BnsO1o. The pro
[8,17]. The same correlations between oxygen bond energyport'orl of the Iatterdln(?reasehs as the tim-pergture |sdelevated
and the catalyst activity and selectivity are valid both for to 75_0 C, MnG; and BpOs phases not being detected upon
complex catalysts and for simple oxides. It should be noted tréating at 750C (Table 1). o
that earlier investigations dealt with low-selectivity catalysts _ APProximately the same phase composition is estab-
(less then 40%) with respect to nitrous oxide. Supported lished for catalysts Mn—Bi-G/-Al203 calcined at 400C.
manganese—bismuth oxide systems have been proposed [1g.-}leva_t|on qf the calcmaﬁuon temperaturg or a longer calcina-
as selective catalysts for the oxidation of ammonia into ni- flon gives rise to formation of the following phases: M,
trous oxide. The present study aims at understanding the®-» 8-Bi2Os, Bi2Mn4O10; bismuth aluminate BAl;O9 also
mechanism of ammonia oxidation over Mn—Bi oxides/ ~ being formed. The proportion of the two latter phases in-
Al,O3 (noted as Mn—Bi—Q@/-Al ,05) particularly in the 85—  creases with the calcination temperature. The lattice constant
90% selectivity range toward nitrous oxide. equal to 7.906 A is characteristic of the support phase (
Al,03) that is lower than the constant of the pure oxide.
These data indicate formation ofyiaAl ,O3-based solid so-

2. Experimental and methods lution.
Based on flowthrough reactor data, Mn—Bie®Xl 203
2.1. Catalysts/gases is more selective toward nitrous oxide compared with Mn—

Bi—O/y-Al 203 with respective selectivities between 80 and
Supported manganese—bismuth oxide catalysts were pre85% versus between 43 and 59%; such selectivity provided
pared according to the procedure described elsewhere [19]by Mn-Bi—Ok:-Al 203 further increases at higher calcina-
Mn-Bi—O-supported catalysts were synthesized using dou-tion temperatures.

Table 1
Physicochemical properties Mn—Bi oxide catalysts

Catalyst Calcination Active component Sspecific Phase composition

temperaturedC) MnOy, BioO3, Mn/Bi, X(Mn+ Bi), (mz/g)
(duration, h)  mass (%) mass (%) mass (atom?)

Mn-Bi-Olx-Al,03 400(2) 13.0 D 1.01 751 10 MnQ, Bi(NO3)3 (traces), amorphous phaseAl>,03
550(2) 87 B-MnOy, B-Mny03, @-Bis O3, a-Alo03
550(4) 80 B-MnOg, B-Mno0Og3, a-Bis O3, BioMn401g, a-Al203
750(2) 75 B-Mny03, BioMngO1g, «-Alo03

Mn-Bi-Ol/y-Al,03 400(2) 21.1 12 1.23 58 100 B- MnOy, Bix O3, Bi(NO3)3 (traces),y-AloO3
550(2) 101 B-MnOg, B-, @-Bin0O3, y-Al03
550(4) 103  B-MnOy, Mny03, B-, @-Bio O3, BioMngO1g, BipAl40g,

y-Al203

750(2) 97  B-Mny03, BioMng01, BioAl4Og, y-Al03
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All gases used in this study are high purity (about sorbed thereon. Spectra of the surface compounds were iden-
99.999%). Isotech provide®O, with an isotopic purity of tified by subtracting the background spectrum of the catalyst
about 99%. recorded before flowing ammonia from the acquired spectra.

2.2. Methods 2.2.4. XPS studies of Mn—-Bi-©3Al>,03, Mn—Ok-Al;03,
and Bi—O&-Al,O3 samples

Catalytic properties were studied by two methods using  An X-ray photoelectron spectroscopy (XPS) technique
the RXM-100, catalyst testing/characterization equipment was used to study states of oxygen and the surface species
(ASDI, USA), installed at Solutia Inc (Pensacola, USA), formed during the catalyst treatment with ammonia, to de-
equipped with multigas pulsing and on-line mass spectrom- termine surface concentrations and chemical states of these
etry. Mass axes were calibrated and corrected digital outputcompounds. XPS spectra were acquired in a VG ESCALAB
numbers used for each mass were followed up during the spectrometer, which was calibrated with respect to the bind-
experiments. Signals were deconvoluted using breakdowning energies of the reference levels Ap4f(Ep = 84.0 eV)
patterns determined under the same conditions prior to theand Cu2p,, (Ep = 9327 eV) [20] using AlK, radiation

experiments. (hv = 14866 eV). Catalyst samples were fixed on a holder

either by rubbing into a fine-mesh nickel grid or by sup-
2.2.1. Pulsing of ammonia or ammoni¢®, (180,) on the porting from their alcohol suspension. The charging effect
catalyst during photoemission was taken into account using an in-

Typically 0.1 to 0.4 g of fresh catalyst is placed in a ternal reference (line Al2p of the-alumina support with
flowthrough quartz reactor connected to the RXM-100. The Ep = 73.8 eV), and the C1s lineRp(Cly = 2848 eV) of
catalyst is heated to 353C and pretreated with 11 pulses the surface carbon contaminations [20,21]. The concentra-
of 0.25 cc of oxygen spaced at 120 s each. Helium at 40tion of surface species was calculated based on the mea-
cc/min was used as a carrier gas resulting in an oxygen pulsesurements of the intensity ( of certain XPS lines by the
length of 0.375 s. Pulses of ammonia or reaction mixture following formula:

(53% ammonia/47%°0, (180,)) are also passed through I./(ASP)
the pretreated catalyst. ne/na = —— 2%
In1/(ASF)p|

2.2.2. Temperature-programmed surface reaction (TPSR) wheren, is the element concentration (at%) in the analy-
TPSR of chemisorbed ammonia with catalyst oxygen was sis zone, (ASE)are atomic sensitivity factors of elements.
conducted over Mn-Bi—-@*Al,O3 calcined at 400, 550, According to the available data [21], the following atomic
and 750 C and over Mn—Bi—Q#-Al,03 calcined at 400C. sensitivity factors were used: Al2p 0.193, N1s= 0.477,
The catalysts were pretreated in helium at 46Gand evac- 01s=10.711, and Mn2p= 2.420.
uated at room temperature. Catalysts were pretreated with The package of proprietary CALC programs was used
ammonia at room temperature and further treated at roomfor detailed spectra processing. The CALC programs al-
temperature with helium to remove excess and labile ammo-low carrying out the curve fitting analysis using Gaussian—
nia. Temperature-programmed reaction was conducted byLorenzian (GL) with a variable Gaussian proportion.

heating such catalyst from room temperature to G5t A sample of Mn-Bi-Q#-Al,0O3 catalyst calcined at

a rate of 15C/min. 550°C was pretreated in helium at 473 K for an hour, treated
with ammonia at room temperature for another hour, and

2.2.3. Insitu IRS studies blown by air for 30 min.

In situ IR studies were carried out in a Fourier IR spec-  XPS spectra were recorded at different temperatures (300
trometer BOMEM MB-102 using a high-temperature flow to 769 K) for samples of Mn—-Bi—@*Al03 catalyst cal-
quartz IR cell reactor with CaFoptic windows. A cata- cined at 400, 550, and 73C, samples of Mn—@/-Al 203
lyst pellet (1x 3 cm, 50 mg) was mounted in the cell & and Bi—-Ok-Al O3 calcined at 400C.

1.5 cn). Before each run the tablet was pretreated directly

in the IR cell in flowing air at 250C for an hour. The cell

was cooled to the required temperature and flowing ammo- 3. Results

nia was substituted for air. Ammonia was passed through the

cell during the period of time needed to reach some station-3.1. Reduction of Mn—-Bi-@£Al,03—500°C catalyst with

ary ammonia concentration in the gas phase inside the cellammonia

and then stopped and the cell was sealed. In several minutes

the ammonia gas concentration decreased practically to be- A reduced catalyst sample was prepared by exposing an
low the detectable level. The procedure was repeated againoxygen-treated catalyst to a series of fifty 0.25 cc ammonia
IR spectra were acquired, for 1.5 min (30 scans) each, in pulses.

the course of the experiment. The spectra looked like a su- Mass spectrometry data show that ammonia is oxidized
perposition of spectra of the catalyst and compounds ad-by catalyst oxygen to producez®, Nz, and NO. Fig. 1
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presents the rate constant of ammonia oxidation versus the

degree of reduction of the catalyst surface. The rate constanfig: 4. Selectivity of the oxidized and r_educgd catalysts to reaction products
of ammonia oxidation is calculated by the flow reactor equa- (N2©: N2) versus the number of reaction mixture pulses.
tion k = —(In(1 — x))/z, wherex is ammonia conversion,
T = 2.24 x 10~15 cn? s/molecules is the contact time. 3.2. Interaction of the reaction mixture (NH- Op) with

The degree of catalyst reduction is calculated as the ra-oxidized and reduced catalysts
tio of the amount of oxygen eliminated from the catalyst to
the total amount of surface oxygen species from the catalyst Pulses of the reaction mixture containing ammonia and
monolayer. It is assumed that the monolayer coverage cor-oxygen were fed to reduced and oxidized catalyst samples.
responds to the amount of 0.238 €M,/ m? of the catalyst Figs. 3 and 4 demonstrate that the oxidized catalyst is
surface [22]. The catalyst activity is seen to decrease with anmore selective to nitrous oxide and less selective to nitrogen
increased degree of reduction. The amount of oxygen elimi- compared with the reduced catalyst. Variations in selectiv-
nated from the catalyst during the whole reduction period is ity to N2O and N are observed with increasing time of
3.805 cnd; this is almost half of the total amount of oxygen catalyst treatment with the reaction mixture (Fig. 4). Selec-
in the catalyst's active components. This shows the rathertivity to N2O decreases by using the oxidized catalyst and
high mobility of bulk oxygen. Elimination of half of the increases with the reduced catalyst, while selectivity to nitro-
catalyst oxygen species can cause changes in the phase congen decreases with the reduced catalyst and increases with
position. XRD data [19] show that phases of ¥, MnO, the oxidized form.
and bismuth metal are presentin the ammonia-reduced cata- The degree of surface reduction of a stationary operat-
lyst at 400°C. ing catalyst can be determined from comparative rate con-

Correspondingly, selectivity to the reaction products stants of the reduction and of the catalytic reaction over the
changes with the increased catalyst surface reduction (Fig. 2)oxidized and reduced catalysts [22]. It is 24.6% for the ox-
the selectivity to nitrogen increases while the selectivity to idized catalyst (point 1 in Fig. 1) and 77% for the reduced
nitrous oxide decreases; selectivity to nitrogen oxide is un- catalyst (point 2 in Fig. 1). The further extension of the treat-
changed and remains low. ment time may lead to equal activities and selectivities with
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gas phase. In addition, the composition of the reaction prod- (b)

ucts was studied by substitution 480, for 160, in the

reaction mixture containing ammonia and oxygen. Fig. 6. Amount of ammonia converted intefO, N, 180, N, (a) and into

N160, N80 (b) vs the duration of the catalyst treatment with the reaction
3.3. Comparison of oxygen consumption for the formation mixture containing Nij and*#0,.
of the reaction products
3.4. Reaction with labeled oxygéfO,
Fig. 5 shows the dependence of the total oxygen con-

sumption for the formation of the reaction produck{Q]) Fig. 6 shows the amount of ammonia converted 16%9,
and of the oxygen consumption for the formation of the N,180, N0, N80, and N versus the number of pulses
products from the gas phasﬁ%]—q["o“]"e”5 (Whereqfo] is of the reaction mixture. Since the stationary selectivity to

the oxygen amount in a pulse agd ™" is the oxygen  nitrogen does not change, the amount of nitrogen formed
amount in gas phase) versus the number of pulses of thethrough ammonia oxidation b0, and by 80, can be
reaction mixture. The difference between the total oxygen separately calculated. Results show that the amount of prod-
amount consumed for the formation of the reaction prod- ucts formed by ammonia oxidation withO, gradually de-
ucts and the oxygen amount consumed for the formation of creases while it increases f610,. Data on the consumption
the reaction products from the gas phase equals the amounof 160, and'®0, during the course of the reaction are shown
of oxygen consumed from the catalyst for the formation of in Fig. 7. During the experiment, an equivalent amount of
the products. The amount of oxygen eliminated from the 2.47 cn? of 180; is transferred from the catalyst in the re-
catalyst decreases with the increasing number of pulses. Asaction products; this corresponds to 2.3 oxygen monolayers.
soon as the stationary state is reached, the amount of oxygemT his corresponds to one-third of the total oxygen of the cata-
consumed from the gas phase becomes equal to the amounyst (7.8 monolayers) as assessed by hydrogen reduction in
guantified in the oxidation products. The amount of oxygen a temperature-programmed reduction [19]. These data sup-
eliminated from the catalyst during the catalytic reaction can port the assumption of a high mobility for the bulk oxygen
be calculated based on these data. It is 21.5% of the mono-species.

layer. That agrees well with the above estimated degree of Therefore, it is reasonable to conclude that catalyst oxy-
surface reduction (24.6%) for the stationary operating cata- gen is involved in the reaction of ammonia oxidation through
lyst. alternate reduction and reoxidation of the catalyst surface.
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with maximum at 176, 305, and 49€, while nitrogen
evolution shows two sharp peaks with maximum at 300
and 598 C. Nitrogen oxide evolved at a much higher tem-
perature compared with nitrous oxide with a maximum at
533°C. Catalyst calcination at 55 leads to very similar
results whereby calcination at 790 results in considerable
changes. Indeed, the low-temperature maximum for nitro-
gen evolution is shifted toward higher temperatures (327
but the high-temperature peak (at 399 disappears. Two
peaks appearing at 458 and 3T characterize the NO evo-
lution. Formation of nitrous oxide is proportionally reduced

Fig. 9. Temperature-programmed surface reaction of ammonia over and characterized by three peaks with maximum at 183, 233,
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Fig. 11 shows the TPSR observed for Mn—BisAI,03
3.5. Temperature-programmed surface reaction of calcined at 400C. Nitrous oxide appears as three poorly
chemisorbed ammonia separated peaks with maximum at 205, 318, and°@05

Three maximum at 187, 336, and 605 are observed for
Figs. 8-11 show that no ammonia is formed during the nitrogen formation and two peaks with maximum at 505 and
temperature-programmed surface reactions. 605°C for nitrogen oxide.
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Fig. 12. IR spectra of surface compounds acquired after adsorption of am- Fig. 13. N1s spectrum acquired with the Mn—Bie@#l, O3 catalyst (cal-

monia by the Mn-Bi—Q#f-Al> Oz catalyst calcined at 550C. The spectra cined at 550 C) after treatment with ammonia followed by blowing with
are recorded during desorption in helium at different temperatures. oxygen. The spectra are recorded at 300 K.

3.5.1. Insitu IR studies Ep =397.0 eV is within the region, which is characteristic
Fig. 12 shows spectra of surface species (SS) formedof metal nitrides or nitrogen adsorbed on the surface of met-
upon interaction of NH with the surface at room temper- als and oxides. The valuBp = 399.3 eV is in the end of
ature (20°C) at single and double feeding. In the IR spectra the spectral N1s region, which is typical both for the nitro-
absorption bands at 1610, 1545, and 1411 trare ob- gen constituent of oxynitrides [24—26] and for the nitrogen
served. A low intense band at 1610 chrelates to adsorbed  constituent of adsorbed NO, N—H, NHOH, or nitrosyl com-
molecular ammonia. The bands at 1545 and 1411%rim plexes [20,21,23]. Therefore, XPS data alone are insufficient
accordance with available data [10], are assigned tp &tidl for unambiguous conclusions about the nature of nitrogen
NH adsorbed species, respectively. The repeated feeding ofwith E, = 399.3 eV. At the same time, the above discussed
ammonia results in an increase in the concentration of SS. |IRS data indicate the absence of bands related to N-O and
The SS concentrations do not practically change after N-H bonds in the samples treated with ammonia and blown
blowing with helium at room temperature. Elevation of the by air at room temperature or by helium at 393 K. Conse-
temperature during blowing with helium results in a pro- quently, it seems reasonable to assign the linés at 397.9
gressive decrease in the SS concentration; the bands of S@nd 399.3 eV to nitrogen species localized on?Mrand
disappear from the IR spectra upon blowing at 120Also Mn’+ (2 < § < 3) ions, respectively. It is shown in the pre-
SS concentration decreases if blowing with air at room tem- vious paper [19] that species of manganese in different oxi-
perature for 2 min occurs. Note that the reaction products or dation states are formed upon treatment of the catalysts with
NH3 are not detected in the gas phase while the SS concen+the reaction mixture or ammonia.
trations decrease in the course of these experiments. Hence, The surface nitrogen concentration expressed as the
the decrease is accounted for not by desorption of the com-N/Mn ratio is calculated from N1s and Mn2p intensity ra-
pounds to the gas phase but by their further transformationtio; it equals ca. 0.5. The study of the thermal stability of
to form SS which are not detected in the measured frequencythese nitrogen species reveals that the line N1s decreases in

range of the IR spectra (4000-1300ch intensity on heating the sample immediately in the analyzer
chamber of an electron spectrometer that makes nitrogen un-
3.5.2. XPS studies of Mn—Bi-®@Al>03, Mn—Ok-Al>O3, detectable in the XPS spectra at 700 K.

and Bi—O&-Al,O3

XPS studies were used to identify surface species formed
on adsorption of ammonia. The survey XPS spectra demon-4. Discussion
strate that a N1s line, which is not seen before treatment,
becomes observable after adsorption of ammonia and blow-4.1. Studies of surface intermediates
ing with air. The chemical state of the element is established
by the high-resolution inspection of the spectra N1s region  In situ IRS studies of the surface species formed through
(see Fig. 13). Curve fitting shows that the resulting spec- interaction of ammonia with Mn-Bi—@+Al ,03—550°C
trum is composed of two components wiflp = 397.0 eV reveal that NH abstracts hydrogen atom during the inter-
and 399.3 eV. The analysis of the literature XPS data of action to form NH and NK. Blowing with helium at a tem-
nitrogen-containing materials and nitrogen-containing mole- perature elevation up to 12 or blowing with air at room
cules on the oxide surfaces has been done [20,21,23]. Comiemperature results in the disappearance of SS bands from
parison with the experimental results shows that the peak atIR spectra. Evolution of either Ndor the reaction products
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is not observed in this case but XPS data indicate that ni-

trogen remains on the surface. Therefore, it is reasonable to a8
conclude that the further abstracting of hydrogen atoms oc-
curs to produce nitrogen atoms by the parallel pathway: 40 -
NH, >N,  NH-— N. £ ]
2

XPS data are evidence of the localization of nitrogen atoms  § .
on Mr?* and Mt (2 < § < 3) ions.

-46 -
4.2. Studies of temperature-programmed surface reaction
of chemisorbed ammonia -48 . . . . T . 1

T T
1.50 1.55 1.60 1.65 1.70 175 1.80 1.85 1.90 1.95

As ammonia is not desorbed during the TPSR, the reac- 1omK

tion rate constantk;) is much higher than the desorption Fig. 14. Temperature dependence of TPSR rate of formation of nitrogen in
rate constantKg) in the process: linearized coordinates.

NH3(g) Kd NHs3(a) Ky N20(g) + N2(g) + NO(g). One can see for Mn—Bi—@£Al O3 calcined at 400C

that the amount of sites responsible for the formation of
nitrous oxide and nitrogen is approximately half of the to-
tal number of ammonia adsorption sites at the temperature

Therefore, the surface ammonia concentration during
heating is completely determined by the rate of the surface

reaction. Rgaction activatio'n energy 81%” _bf calculated range used for the catalytic reaction (315 to 36). Among
by Eq. (1) with the assumption that=10"s" [27], them, 70% are sites responsible for the formation of nitrous
A__, Ey oxide. The proportion of the sites responsible for the forma-
Er = ERTp exp(— RT ) @) tion of nitrous oxide at low activation energy (27 kgalol)
p : . S
) i ] ) is ca. 0.6% of the total number of ammonia adsorption sites.
Tp is the peak maximum temperatuygjs the heating rate  Higher catalyst calcination temperatures result in a pro-
(15°/min). portional increase of these sites: 1.7% after calcination at
The.quantity of the reaction products formed during the 550°c and 2.6% after calcination at 750. Also calcina-
TPSR is used to calculate the amount of oxygen removedjon gt 750°C creates sites with higher activation energy (30
from the catalyst. Itis 21.8% of monolayer. kcal/mol) at about 7.3%. In this case, increasing activation

The appearance of several peaks of the same reactionenergy for nitrogen formation is observed in agreement with
product in the course of TPSR may indicate nonuniformity g increase in the selectivity to.

of the active surface with respect to the given reaction, i.e., |n the Mn—Bi-O#/-Al,O3 calcined at 400C, the pro-
the occurrence of various types of active sites. This is valid portion of the sites responsible for the formation of nitrous
when there is no influence of the processes of diffusion, des-gxide is lower than that of the sites responsible for the for-
orption, and reaction kinetics on the characteristics of the mation of nitrogen. At the same time, the proportion of sites
spectrum. that produce nitrogen, with low metal-oxygen bond energy
From TPSR data, nitrous oxide starts releasing into the (activation energy of about 27.6 kg¢atol), is much higher
gas phase at temperatures above°X20Therefore, one can  than the proportion of the sites responsible for the formation
conclude on the basis of IRS and XPS data that there aregf pitrous oxide.
only species of one type, namely [N], before the evolution  The reaction order was determined for the formation
of gaseous products. Then, stages of;Nidd NH transfor-  of nitrogen by TPSR. A linear correlation is obtained for
mations into the N species are very fast, so the hydrogenthe nitrogen formation expressed agWy N2) versus ¥ T
abstraction reactions do not determine the shape of TPSR(Fig. 14), whereW is the reaction rate andl the concentra-
spectrum. tion of the adsorbate. This leads to a probable second order
Formation of nitrous oxide during TPSR needs to break for the nitrogen formation [28]. It is difficult to provide for
the oxygen—catalyst bond. Hence, the existence of severaly correct determination of the orders for the formation of
temperature peaks of nitrous oxide evolution may argue for nitrous oxide and nitrogen oxide because of the poorly re-
the presence of surface sites with different energies of thesplved peaks. Nevertheless, by analogy with nitrogen, the

oxygen-—catalyst bonds. former reaction order is probably 2.
Table 2 presents the TPSR results and more particularly

the calculated activation energies, the amounts of products4.3. Studies of catalyst reduction by ammonia

released, and the fractional quantity of ammonia adsorption

sites. Poorly resolved peaks of nitrous oxide were geometri-  Studies of the catalyst reduction with ammonia reveal that
cally divided in order to evaluate the respective amounts of the reduction rate constant decreases with an increased de-
N2O produced from the different sites. gree of surface reduction (Fig. 1), the reduction being higher
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Table 2
Comparative kinetic TPSR parameters of chemisorbed ammonia over various catalysts
Catalyst/calcination Peak T (°C) Ey (kcal/mol) Amount of product Fractional quantity of NH
temperature®C) (pmol/mgat) adsorption sites (%)
Mn-Bi-Olx-Al ,03—400°C N, 300 34.6 0148 131
N,O 176 26.9 o7 a6
305 34.9 290 258
496 46.8 0063 56
NO 533 49.2 893 397
Ny 598 53.3 0173 153
Mn-Bi-Olx-Al ,03—550°C N, 301 34.6 0138 137
N,O 176 26.9 17 17
306 34.9 @38 236
496 46.8 0080 79
NO 500 47.1 o703 348
544 49.9
N> 601 53.5 0187 185
Mn-Bi-Olx-Al ,03—750°C N, 377 39.4 0690 464
N>O 183 27.3 m38 255
233 30.4 0108 726
350 37.7 0167 112
NO 458 445 ®70 326
516 48.1
Mn-Bi-Oly-Al,03—400°C N, 187 27.6 0635 385
336 36.8
605 53.7
N,O 205 28.7 o8 290
318 35.7
605 53.7
NO 505 47.4 B35 325
605 53.7
—a—N . .
o —NO «-Al 203 catalyst calcined at 55C. This is reflected by the
2 . .
x10™ —v—NO presence of surface sites of different natures: there are three
P types of such sites responsible, respectively, for the forma-
£ &0 tion of N2O, Np, and NO. In addition, each type may be
§ ™ energetically inhomogeneous. For example, three types of
= X b . . . .
g sites (activation energies equal to 27, 35, and 47 /kaal)
2 20t are responsible for the formation of nitrous oxide, two types
i of sites (activation energies equal to 35 and 53.5 kual)
o w0t for the formation of nitrogen, and two types of sites (activa-
. tion energies equal to 47 and 50 kgaalol) for the formation
0 5% 100 150 200 250 300 35 400 of nitrogen oxide. A significant reduction in the rate con-
The degree of catalyst surface reduction, % monolayer stant observed during ammonia oxidation into nitrous oxide
Fig. 15. Rate constant of ammonia oxidation into reaction produci®(N is explained by the fact thatAD formation requires that a

N5, and NO) versus the degree of reduction of the catalyst surface. larger number of oxygen—catalyst bonds are broken com-
pared with the formation of N[5]. Elimination of weakly
bonded oxygen results in a reduction of the overall rate con-

with oxidation to nitrogen (Fig. 15). These observations may §tant of ammonia consumption gnd ir'1 a sjgnificant reduction
be explained by a low mobility of the bulk oxygen, by the in the rate constant for ammonia OX|d§\tlon '|ntQ'GNc.om-
locking of the active surface with strongly bonded ammo- Pared to the rate constant of ammonia oxidation into N
nia species, or by a different oxygen state at the catalystAS a consequence, the selectivity to Mcreases with the
surface. This study shows that the mobility of the bulk oxy- ©0Xygen-—catalyst bond energy [5,29-32]. On the other hand,
gen is significant; therefore, the lower reduction rate con- the lower reduction rate constant may result from the lock-
stant can be attributed to the latter two factors. The different ing of the active surface with strongly adsorbed species. The
states of oxygen at the catalyst surface are indeed observedelated TPSR data show that approximately half of the sites
from the TPSR data (Fig. 9) obtained with the Mn—Bi—O/ are occupied by strongly bonded species eliminated at con-

for the oxidation of ammonia into nitrous oxide compared



138 E.M. Slavinskaya et al. / Journal of Catalysis 222 (2004) 129-142
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siderably higher temperature than the normal reaction tem- ‘\
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4.4. Influence of calcination temperature on the proportion
of various sites for ammonia adsorption

Based on the TPSR data, we observe an increase in the se-
lectivity of Mn—Bi—O/x-Al 203 to nitrous oxide with higher
calcination temperatures. This results from an increase in 8 e = 3
the number of ammonia adsorption sites having a lower . 1
manganese—oxide bond energy (low activation energy of 300 400 500 600 700 800
the reaction) responsible for the formation of nitrous ox- Temperature, K
ide. The oxygen—manganese bond energy is 62.2/ggal (@)

O in MnOy, 76.1 kcafgat O in Mn203, and 82.8 kcalgat

O in Mn304 [33]. Hence, an increase in the proportion of

the sites with lower bond energy means an increase in the Ws
proportion of the oxidized manganese state. This conclu- Q 1
sion agrees with the data cited elsewhere [19] and indicates E

that the M#+/Mn?* ratio increases with higher calcination
temperature. The selectivity to,® varies with this ratio.
Hence, it is reasonable to conclude that the reduced man-
ganese species are responsible for the formation of nitrogen
and the oxidized species for the formation of nitrous oxide.
The selectivity of the catalyst op-alumina is low due to a
higher proportion of low bond energy sites involved in the
formation of nitrogen.

O1s/Al2p ratio

o e e =
K o @ o
1 i 1 1

Relative oxygen content

e

N
L
N

3

e
=]

300 400 500 600 700 800
Temperature, K
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4.5. The role of bismuth oxide in the manganese—bismuth

K Fig. 16. (a) Relative intensities of OMAI2p lines in XPS spec-
oxide catalyst 9 (@ AsiZp P

tra of samples recorded at different temperatures:«dAl>03; 2,
Bi-Olx-Al203; 3, Mn—Ok-Al,03; 4, Mn-Bi-Ok-Al,03—750°C; 5,
Comparative data on activity and selectivity towargtN Mn-Bi-Olx-Al,03—550°C; 6, Mn-Bi-Ok-Al,03—400°C. (b) Nor-

obtained with samples of Mn—&/Al,03, Bi—Ola-Al»03, malized relative concentration of oxygen in the samples.

and BpMn4O10/a-Al203 [19] demonstrate that the selectiv- _ _ _

ity to N2O is around 75% on the Mn—@/Al,O3 catalyst, ~ concentration of NK species and, correspondingly, the re-
the selectivity is equal to 63.6% on theBInsO1o/a-Al 203 action rate (1) decrease abruptly to cause an increase in the

catalyst, while the Bi—@/-Al,O3 is not active in ammo-  Selectivity toward NO.
nia oxidation. Thus, the manganese oxide phase is active Addition of bismuth oxide to manganese oxide leads to
in ammonia oxidation toward AD. A comparison of the improvement of the catalyst performance for three reasons.
selectivity toward NO of Mn—-Okx-Al2,03 and Mn-Bi—O/ First, bismuth oxide makes manganese oxide more dispersed
a-Al,03 catalysts shows that bismuth oxides play a key [19] which results in an increase in the amount of active
role in the selectivity of manganese—bismuth oxide cata- 0Xygen. Second, bismuth oxide makes the active compo-
lysts. The selectivity toward nitrous oxide is higher over the hent surface more defective and, as a result, oxygen more
manganese—bismuth oxide catalyst than over the manganes@b”e- The third reason is the increased thermal stability of
oxide catalyst. oxygen. XPS studies of the oxygen behavior during heat-
Nitrous oxide is known to form due to the presence of INg samples in the analyzer chamber in situ regime support
active oxygen species in the catalyst [34], which can produceth's conclusion. XPS. data are |Ilgstrated in Fig. 16. Fig. 16a
NO from Nagsand lattice oxygen (@) [35]. In accordance shows the O;,BAIZp intensity ratio for the samplgs of-
with earlier paper [7], the selectivity towardbind NO is ~ Al203, Mn—-Bi-Okr-Al203, Mn—Olx-Al 203, and Bi-Oé-

determined by the relative rates of reactions (1) and (I): Al203. These comparative values for an individual support
and catalyst characterize an increase in the oxygen loading

NH, + NO — N> + OH,, 0] in the catalysts due to supporting of the active component.

N -+ NO — N,O. (I It is seen in Fig. 16a that supporting the active component

results in an increase in the Q¥d2p ratio. The ratio in-

The reaction rates depend on the surface oxygen covercreases considerably in the catalyst samples against that of
age. The more surface oxygen coverage, the faster the reacthe supported individual oxides BDs (curve 2) and Mn@
tions of NQygsand Nygsformation. As a result, the surface (curve 3). Since manganese and bismuth are loaded in ap-
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proximately equal amounts in all the samples, the sharp It is known that the reaction products are not formed in
increase of the OJ#\I2p ratio is accounted for by disper- the absence of oxygen in the gas phase [37] on the Mp—O/
sion of manganese oxide under the action of bismuth oxide Al,O3. NO interacts with NH in the absence of oxygen to
supported omx-Al>03. The surface sensitivity in XPS mea- form nitrogen. Addition of oxygen to the NO/NHmixture
surements is determined by the mean free path of emittedresults in the acceleration ofoNormation, no NO being
electronsix (1 ~ 20-30 A); therefore, it is reasonable to formed. The catalyst pretreated with the N@/@ixture in-
suppose that the observed process of dispersing leads to forteracts with ammonia to form Nand a small amount of
mation of thin Mn—Bi—O film that coats the support particles. N2O. It is reasonable to assume based on these data that
Note that the highest O14l2p ratio is observed with the  the lattice oxygen is not labile and inactive in the Mny©/
catalyst calcined at 40@. Elevation of the calcinationtem-  Al,O3 catalyst.
perature results to some decrease in the ratio due to sintering The presence of bismuth oxide in the catalyst supported
processes detected by XRD and TEM [19]. on y-Al,03 causes an increase in the proportion of active
Fig. 16a also shows some decrease in the/@Pp ra- oxygen but to a lesser extent than in theAl,Os-based
tio upon sample heating in vacuum that may happen duecatalyst. Hence, the presence of bismuth oxide makes the
to desorption of the active oxygen. To know in more de- y-Al,0O3-based catalyst active to formation of nitrous oxide,
tail about the oxygen loss on heating, the curves in Fig. 16abut less active than the catalyst basedreil ,Os.
are normalized (Fig. 16b). The changes in the temperature-
dependent relative oxygen content in the active phase are4.6. Studies of behavior of the catalyst during treatment
seen to follow different ways in the one-component samples with the reaction mixture
(Mn—Olx-Al 203, Bi-Olx-Al203) and in the catalysts under
study. For example, the relative oxygen loss is noticeably = The catalyst was tested with pulses of ammonia and
lower in the catalysts than in the individual oxides Mne©/  the ammonia/oxygen reaction mixture. The same products,
Al203 and Bi—Ok-Al203. A comparison reveals that the N>O, Ny, and NO, were formed during both the reduction
presence of bismuth oxide makes the thermal stability of the and the catalytic reaction with the rate constants being equal
active oxygen much higher in the catalyst. for the catalytic reaction and the reduction at the same de-
Hence, manganese oxide looses oxygen more rapidly, i.e.,gree of surface reduction (Fig. 1). As stated above (Fig. 5),
is easier reduced, in the absence of bismuth oxide. The same&omparison of the total oxygen consumption for the reaction
conclusion follows from the TPR data [19] showing that the products with the consumption of the gas-phase oxygen for
temperature of reduction of Mnnto Mn3Qg is lower for the products demonstrates the participation of oxygen of the
the Mn—O&-Al 203 catalyst (the peak maximum is equal to catalyst in the reaction. Our results lead to the conclusion
313°C) than for the Mn—Bi—Q¥-Al,03 catalyst (the peak  that ammonia oxidation proceeds via alternate reduction and
maximum is equal to 348C). One can conclude based on reoxidation of the catalyst surface. When the reaction mix-
these data that the reduction degree is considerably higheture slightly affects the buried oxygen layers in the catalyst,
in the Mn—Ok-Al 203 catalyst under steady-state operation the rate of the reduction stage equals the rate of the catalytic
than in the Mn-Bi—Qi-Al,03 catalyst. As demonstrated reaction. At higher reduction, the phase composition can be
above, the selectivity toward Nncreases but the selectiv- changed and the oxygen supply from the reaction mixture is
ity toward NbO decreases as the surface reduction degreenot sufficient in restoring the initial activity (Fig. 1, point 2).
increases. Therefore, the manganese—bismuth oxide catalyst
under steady-state operation in ammonia oxidation is more4.7. The reaction mechanism
selective toward BO than the manganese catalyst. Note that
the same was concluded for the Mn/La/System [36]. It is shown in our previous work [19] that an increase
The manganese-bismuth oxide catalyst supported-on in the Mrét/Mn®* ratio correlates with the increase in the
Al,03 is considerably lower selective towarg® than the selectivity toward NO that is supported again by the data re-
one supported on-Al>03. The observed distinctions may ported here. The studies on the catalyst reduction under the
be accounted for by the following reasons. As shown else- action of ammonia pulses reveal that the selectivity toward
where [19], in the catalyst based prAIl ;O3 the active com- N> increases but toward XD decreases with an increase of
ponents interact with the support to produce thgABiOg the reduction degree. Experimental studies including feed-
phase and solid solutions of manganese ions in alumina thating of the reaction mixture in the pulse mode demonstrate
is indicated by a lower lattice constant than that of pure alu- that the selectivity toward O is much higher over the ox-
mina. Sincery,4+ = 0.52 < rp3+ = 0.57 A, then alumina  idized catalyst than over the catalyst treated with ammonia.
may be promoted by Mit ions. Moreover, the surface con-  The selectivity into NO decreases with an increase of num-
centration of manganese and bismuth, in accordance withber of pulses over oxidized catalyst and increases over the
XPS data, is lower by an order of magnitude than those in reduced catalyst. The latter phenomenon indicates changes
the catalysts supported enAl,03. As a result, the amount  in the oxidation state: The oxidized sample is reduced under
of active oxygen responsible for formation op® is con- the action of the reaction mixture and the reduced sample is
siderably lower than that in the Mn—Bi—®/Al 03 catalyst. reoxidized.



140 E.M. Slavinskaya et al. / Journal of Catalysis 222 (2004) 129-142

. . . 35x10% 5 Mn-Bi-O/a-Al, 0,-550°'C
The results obtained allow the reaction mechanism to be ] OB

presented as follows: ammonia is adsorbed on active sites  soxto"+
of the catalyst, which are manganese ions in different oxida-
tion states, i.e., Mfi- (Mn**+) and Mri*. While ammonia is
adsorbed, the manganese sites are partially reduced to forn’}
surface complexes [MA—N], if ammonia is adsorbed by
Mn3+ and [Mr?*—N], if ammonia is adsorbed by M. |
That the complexes are formed is supported by IRS and XPS € 1oxte*
studies; [NH] and [NH] adsorbed complexes are identified = .
in the spectra, which are then transformed into [N] species

25x10"
2.0x10" o

1.5x10"

olecules/m’sec

0x10™

under the action of oxygen. e e e e e
Interaction of the surface intermediates at a compara- 0 S0, 8D 180 2000 250 3001 330 480 400 (800 500 00K S 00
tively high oxidation state [M#*—N] leads to formation of Temperature, °C

N20. Ny is formed through the interaction of more reduced
intermediates. In addition, TPSR data show that elevation of
temperatures up to 200—-2%0 gives rise to decomposition
of the surface complexes to release NO. It seems like NO is

Fig. 17. Comparative experimental and calculated TPSR spectra of the
Mn-Bi—Olx-Al, O3 catalyst calcined at 550C.

formed, similar to NO, on the oxidized manganese sites.  low rate of the nitrogen atoms diffusion over the catalyst sur-
The reaction pathways Corresponding to the Suggestedface causes a sharp decrease in the probability of the surface
mechanism are as follows: species interactions as the coverage decreases. It is notewor-
thy that exactly the different dependencies of the stage rates
NO - [Mn*] + (H,0 . . :
+y_[Mn® N] _— Ma™1 + #20), @ of N2O and N formation on coverage result in the shift of
V - % N,O+ [Mn®] + (H,0), an the NO peak (the dependence of fi'r.st order is in the case of
NH;3 NO) in comparison to BO peak position in the TPSR spec-
7> 24 oy M2 N] tra.
Mn** N|——— 2+
7 M N N2+ [Mn™] + (H0), (I The presence of less pronounced peaks 0 Kpeaks at
e R i S Tp = 176 and 496C) and NO (peak afp, = 544°C) evolu-
[Mn™ j———= [Mn"] [Mn™"]. av) tion may be explained as follows.

Numerical modeling of TPSR was carried outin terms of 1 he surface coverage by intermediates is no more than

the suggested mechanism. The process of evolution of theD-1; therefore, the proportion of intermediates occupying

reaction products in the course of heating was described byn€ighboring sites is not high. If so, the occurrence of three
a set of differential equations: peaks of nitrous oxide evolution may be determined from

several reasons. First, the intermediates [N] can interact both
30y al _EJ(RT) - with the same intermediates localized on the neighboring
aT Zkie ' Ok fi (0), sites and with the labile [N] species diffusing over the sur-
"lev face. The labile [N] species can be formed on the sites of all
3Cm m L _ types as the temperature increases. At the same time, upon
Ua—T = szkfe BIED; £;6). temperature elevation the [Nih-N] intermediates can be
j=1 reoxidized by oxygen supplied from the subsurface layers to
whereé; (k = 1, 2) is the concentration of adsorbed [Mn produce the [MA*—N] intermediate. Due to different Mn—O
—N] complexesCn is the concentration of the reaction prod- bond energies, the interaction of [Mn-N] and [M®F—N]
ucts (NO, N, N20), k;( ) are constants of stage ratés intermediates may also be responsible for appearance of the
are activation energies,is contact timep is the ratio of the ~ extra N:O peak in the TPSR spectrum. The presence of the
molecule concentrations in the reaction volume and on the extra NO peak may be attributed to the formation of the
catalyst surface, and(9) is the coverage function of power  [Mn3t-N] intermediate.
type. The second peak of nitrogen evolutiofy, &= 601°C) is
The results obtained are illustrated in Fig. 17. One can observed in the high-temperature range over Mn—Ei-O/
see that the peak of Nevolution and main peaks of J® Al O3 catalysts calcined at 400 and 58D but not over the
and NO evolution are described well enough. The calculated catalyst calcined at 75@. The peak may be assigned to the
activation energies are 35.8 k¢alol for the stage of Nfor- adsorption of ammonia and the formation of a [N] species
mation (ll1), and 14.3 kcgimol for the stages of pD and adsorbed on bismuth oxide. This assumption agrees with the
NO formation. It is important to note that the rates ofQ\ fact that the catalyst calcined at 78D does not contain the
and N formation depend rather strongly on the coverage, phase of bismuth oxide; for this reason the high-temperature
namely, of the fourth order with respect to the intermediate peak of nitrogen evolution does not exist.
species. That is most likely to result from strong bonds be-  The process of the catalyst reduction by ammonia also
tween the adsorbed complexes and the manganese sites. Thean be considered in terms of the suggested scheme.
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The first ammonia pulse produces [Mnr-N] due to the
presence of weakly bonded and labile oxygen. A part of
Mn3t sites are reduced to Mh. Ammonia is adsorbed
by the M+ sites to form [Mrf+—N] species. [MAt-N]
and labile N species interact to formp®, while [Mn?t—

N] forms Np. Since [M*+—N] is formed over the oxidized
catalyst in a much larger amount than [fa-N], then NO

also is formed in a larger amount during the first pulse. More
than four oxygen monolayers are removed during reduction
by ammonia which makes it reasonable to assume that the
reduced MR™ sites are reoxidized by subsurface oxygen
(Os9 as the surface oxygen {Dis consumed. The reoxi-
dation degree depends on the strength of oxygen/manganese
bonds and on the rate of oxygen diffusion to the surface.
The stronger the bonds, the lower the reoxidation rate. As a
result, [Mr?™—N] species formed on M increase in num-

ber but [MA*-N] formed on M+ decrease. Therefore,
the concentration of [MAf—N] increases with an increase

in the number of pulses and, correspondingly, the selectiv-
ity to nitrogen increases. This is just what is experimentally
observed.

5. Conclusions

The pulse kinetic method and methods of temperature-

(4.2) NHginteracts with weakly bonded oxygen species

through hydrogen atom abstraction, giving rise
to key intermediate [N] localized on M# and
Mnt (2 < § < 3).

(4.3) The reaction mechanism is proposed. The main

features are as follow: ammonia is adsorbed
by manganese ions of different oxidation states
Mn3t (Mn**) and M+, The surface complexes
[Mn®+—N] are formed on MA" sites, while the
[Mn2t—N] species are formed on Nth. The
[Mn?®*+—N] species are responsible fos® forma-
tion and [Mrtt—N] species are intermediates of
N2 formation. Formation of NO, similar to O,

is most likely to proceed on oxidized manganese
sites.

(4.4) The reaction kinetic scheme is proposed based on

the experimental results. Numerical simulation of
TPSR data confirms the reliability of the reaction

mechanism. Activation energies were estimated
for the stages of formation of the reaction prod-

ucts.
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programmed surface reaction, IRS, and XPS were used foration of the Mn-Bi—O catalysts.

characterization of the highly selective supported manga-
nese—bismuth oxide catalyst. The studies revealed that:

(1) Manganese ions at different oxidation states, viZ¥Mn
(Mn*t) and M+, behave as active sites of the catalyst.
Formation of the reaction products>®, Np, and NO,
was revealed. The reaction pathways are determined by
the energetically nonuniform state of the surface oxygen
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