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Abstract

The selective catalytic oxidation (SCO) of Nias studied over varioug-Al ,0s-supported gold-based catalysts at 2%3;NH2% O,
(balance He). The effects of different kinds of oxidic additives, M@ = Cu, Fe, Ce, Li, and Ti) were examined. The mixed metal oxides,
MO,—Al, O3, were used as supports of 5% Au catalysts. The presence of Au enhances the SCO activity. The following order of per-gram activity
was found in the temperature range from 473 to 673 K: Au/BiEAI< Au/Al,O3 ~ Au/TiO, < Au/Li-Al ;05 < Au/FeQ. ~ Au/Fe-AlLbOs
< Cu-Al,O3 ~ Au/Ce-Al,O3 < Au/Li—Ce-Al,0O3 < Au/Cu-Al,0s. The selectivity is strongly dependent on the type of M@ed. The most
active catalyst Au/Cu—AD; shows a conversion of 50% at 483 K and adelectivity over 90%. On the other hand, Au/Li-Ce®4, which
has an only slightly lower activity than Au/Cu/AD; is very selective to BO. FTIR spectroscopy shows bands following Nidisorption that
can be attributed to imide-like (-NH) adspecies, in addition toqNfdn Bransted acid sites) and coordinated;Néh Lewis acid sites). The
presence of Au enhances the band intensity of imide-like adspecies, which may be responsible for the improved SCO activity in the presence
of Au.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and nitric acid production plants. There are two impor-
tant issues about this SCO reaction: one is the selectivity
Ammonia is a commonly used reducing agent in the and the other is the application temperature. The oxida-
selective catalytic reduction (SCR) of NOHowever, the tion of ammonia can also produce N@ia reactions (2)
emission of unreacted ammonia becomes a secondary aiand (3) which makes the selectivity of SCO reaction criti-
pollution problem because ammonia itself is hazardous. cal. Potentially, NO may be used for SCO of hydrocarbons
Therefore, selective catalytic oxidation (SCO) is needed to [1,2]. Therefore, it would be interesting to develop a cata-
convert traces of Nglat the downstream of the SCR reactor lyst with a high selectivity to MO (Reaction (2)). Operation
to N via reaction (1) at high-temperatures (>800 K) selectively produces NO and
this Ostwald process is used for many years for the indus-

4NH3 + 30, — 2Ny + 6H,0 @) trial production of nitric acid3]. Noble-metal catalysts (Pt

4NHs + 40, — 2N,0 + 6H,0 ) with Rh) are used for this purpose. Therefore, a lower SCO
reaction temperature should be better for JN&batement.

4NHsz + 50, — 4NO + 6H,0 () In addition, if the SCO were to be used at the downstream

of a SCR unit, an application temperature lower than 573K
Such a SCO reaction may also be used for the control of would be desired. Unsupporté4] and supported oxide cat-
other ammonia emission sources, e.g. agricultural sourcesalysts[5-9] were found to give quite a goodaNselectivity
but their activities are not sufficient at temperatures below
* Corresponding author. Tek:31 71 527 4545; fax#+31 71 527 4451. 5.73 K N.Oble metal catalysts were reported tc.) be more ac-
E-mail addresses. sdlin@saturn.yzu.edu.tw (S.D. Lin), tive in this temperature range, but less selective iafén
b.nieuwe@chem.leidenuniv.nl (B.E. Nieuwenhuys). oxide catalyst$10,11] Amblard et al[12,13]reported that
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Ni/Al 203 could be a good SCO catalyst. Long and Yang air/acetylene flamg21]. For that purpose, the catalysts
recently reported a better SCO performance for Fe-ZSM5 were dissolved in aqua regia and the solution was diluted
compared to other metal-exchanged ZSM-5 cataljist$ with demineralized water before performing the analysis.
They tried further to improve the performance of Fe-based BET surface areas of the catalysts were measuredoby N
catalysts by using different types of zeolifd$], different physisorption at 77 K using an automatic Qsurf M1 analyzer.
oxide supportd9], and by the addition of a noble metal Before each measurement the catalyst was heated in helium
[11]. On the other hand, Gang et 8] found a better SCO  at 473K for 2h in order to remove impurities adsorbed on
performance of Cu-Y compared to other metal-exchangedthe surface.

NaY or Al,Oz-supported metal oxides. Their studies were  X-ray diffraction measurements were performed using a
later directed toward AOs-supported Cyl16], Ag [17], Philips Goniometer PW 1050/25 diffractometer equipped
and Cu—Ag[18]. The performance of these catalysts will be with a PW Cu 2103/00 X-ray tube operating at 50kV

compared to those of the catalysts used in this study. and 40 mA. The average gold particle size was estimated
Au catalysts are known for their unusually high oxidation from XRD line broadening after subtraction of the sig-
activity at low temperatures, especially toward Ci0,20]. nal from the corresponding support by using the Scherrer

However, to the best of our knowledge ammonia oxidation equation.

over Au catalysts has not been reported in the literature. The

present paper describes a study concerning the SCO of am2.3. Activity measurements

monia over gold-based catalysts supported-ax ,O3 with

additives consisting of different kinds of oxides, viz. the ox- ~ Ammonia oxidation was carried out in a microreactor sys-
ides of Cu, Fe, Ti, Ce, and Li. Cu was selected because oftem using quartz reactors. The feed gases were controlled
its high intrinsic activity in NH oxidation with an excellent by mass flow controllers (Bronkhorst) and set to a total flow
selectivity to Nb. Ti and Fe were chosen because of the high of 30 mImin~1. NHz (4% in He, Hoek Loos) and £{4% in
catalytic activity of multicomponent catalysts consisting of He, Hoek Loos) were used without further treatment to make
Au and transition metal oxides for certain reactions. For the a feed containing 2% Nfland 2% Q. The catalyst was
same reason ceria was used. Alkali metal oxides are used agretreated in situ with hydrogen up to 573K, followed by a
promoters for a large number of catalytic processes. In addi- cool-down under He to 298 K. The test procedures started

tion, it was reported that the addition ofJ0 to Au/AloO3 with feeding 4% Q until the gas composition was stabi-
results in an improved activity for various oxidation reac- lized, subsequent feeding an equal flow rate of 4% NHtil
tions[21]. stabilized, thereafter the reactor was ramped through at least

two heating-cooling cycles at 5 K/min up to 673 and 623 K,
respectively. A mass spectrometer (Balzers, Q422) was used

2. Experimental to monitor the effluent composition via a differential pump-
ing interface. The monitored mass signals include 2, 14, 16,
2.1. Catalyst preparation 17, 18, 28, 30, 32, 44, and 46. After corrections of the sig-
nal intensities for the fragmentation signals of the different
Mixed oxides were prepared by impregnatingAl,O3 compounds, the effluent material balance in the heating se-

(Engelhard Al-4172P, 275%g~1) with nitrates of Cu, Li, guences was correct withih10% of the feed, but not in the
Fe, Ce or with Ti-butoxides. After calcination at 623 K, the cooling sequences. The erroneous material balance in the
mixed oxides were used as supports for Au catalysts andcooling sequences is attributed to the slow pumping fOH

are designated as M-4D3 hereafter. The prepared mixed and NHs. Therefore, only the data in the heating sequences
oxides typically have an M/AIl atomic ratio of 1/15 un- is used for activity analysis.

less otherwise specified. Au catalysts were prepared via FTIR analysis was carried out using a commercial
HAuCI4-3H20 (Aldrich) deposition using urea as the precip- instrument (Mattson, Galaxy 2020) equipped with a
itating agent. The filtered powders were thoroughly washed controlled-atmosphere chamber. The IR spectrum was mea-
to remove Ct residues. All catalysts were calcined at 573K sured in the transmission mode at a resolution of 2tm
afterwards. Details of the catalyst preparation have been re-and corrected for the background spectrum, which was av-
ported earlief21]. A 5% Au loading was used for all the Au  eraged from 50 scans of the empty cell (at pressures better
catalysts. For comparison, Au/Ti@nd Au/FeOs were pre- than 102 Pa). A self-supporting wafer was made from cat-
pared in a similar way using commercial HiQEurotitania alyst powders. After mounting, the wafer was evacuated to
1) and FeOs prepared by the precipitation from Fe(h)@-6 10-1Pa, then subjected to a heat-treatment to 573K un-

H>O (Aldrich). der 2x 10* Pa of hydrogen and a following cool-down at
which evacuation started at around 500 K. Both M®d
2.2. Catalyst characterization and the supported Au/M-AD3 catalysts were pretreated

in this way. An IR spectrum was recorded at 313K and
The gold loading was verified by atomic absorption 10-2Pa after this treatment and was used as the reference
spectroscopy (AAS) using a Perkin-Elmer 3100 with an to latter-recorded spectra of the same sample. Thereafter,
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2 x 103Pa of NH; was introduced, held for 20min, and Tabel
evacuated at 313K. A stepwise temperature-programmedCharacterization of gold-based catalysts

desorption (sTPD) was performed sequentially at 313, 328, Catalyst Au loading SBI;T . dyiP
343, 363, 393, 423, 473, 523, and 573K under vacuum, (wt.%) (m”g™) (nm)
where an IR spectrum was taken at every temperature. Af-Al203 - 275 -
terwards the sample was cooled down to 313K, exposedA“/A'203 4 260 4.3+ 0.1
. . . Au/CuO/Al,03 (Cu:Al =1:15) 3 - <3
to NH3; and a_stepW|se temperature—prc_)grammed ox@atmn AUCUO/ALOs (Cu:Al = 1:10) 4.6 _ -3
(STPO) experiment was carried out, which was essentially a au/cuo/a,L0; (Cu:Al = 1:5) 5 212 74+ 0.2
sTPD in the presence of approximately210° Pa of oxy- Au/CeQ./Al ;03 45 218 <3
gen. No useful information could be extracted within the Au/Li20/AI20; 4.0 278 3.3+ 0.1
region of the N-H stretching modes, because most spectra\W/-120/CeQ/Al20s 4.6 262 <3
o . AUITIO, 4.9 38 3.9+ 0.2
were very noisy in that region. AUTIOLJAI,03 47 243 3
Au/FeQ,/Al 03 4 234 3.1+ 0.2
3. Results Since the peak width at half maximum intensity was used to
o determine the average particle size, smaller crystallites were
3.1. Catalysts characterization not taken into consideration.

AAS measurements show that the catalyst preparation3.2. SCO over Cu-Al,O3 and Au/Cu-Al,O3
method resulted in a gold loading close to the target loading
of 5wt.% (se€eTable ). In the same table are also mentioned  Fig. 1 shows the variation of the NfHconversion with
the surface areas of the samples determined by BET. Forincreasing temperature over Au/Cuz@3 and Cu-AbOs
most of the catalysts these values did not differ significantly catalysts with different Cu/Al loading ratios. The peculiar
from those of the bare supports (275g1* for y-Al;03 line shape of the data at lower temperatures (below 423 K)
and 37 M g~ for Eurotitania). is due to initial NH adsorption at room temperature and
All the samples showed the X-ray diffraction peaks that subsequent Nkldesorption from 313 to 423 K. Adsorption
correspond to metallic gold. For several catalysts the diffrac- results in higher apparent conversions in the beginning of the
tion lines corresponding to the metal oxide additives were heating sequence, while NHlesorption results in negative
found. However, for some samples the formal oxidation state conversions. Oxygen consumption was not observed in this
of these oxides could not be identified unambiguously. In temperature range. Cu-ADs catalysts show a conversion
these cases, the metal oxide additives are presumably presedight-off at approximately 523 K. The variation of the Cu
as highly dispersed on AD3. From XRD line broadening  content of Cu/Al from 1/5 to 1/15 in Cu-ADs did not result
the average Au particle size was determined (Eaae J). in a significantly different behavior.

1.0 48— Cu-AL0, (1/15)
{[—©—Cu-AL,0, (1/10)
—2— Cu-Al0, (1/5)

—%— Au/Cu-Al0, (1/15)
1 —— Aurcu-ALQ, (1/10)
0.6 7 [—<— Au/Cu-Al,0, (1/5)

0.8 +

0.4 H

NH3 Conversion

300 400 500 600 700
Temperature (K)

Fig. 1. NH; oxidation over Au/Cu-AJO3 and Cu-ApO3 with different Cu loadings. The relevant masses were measured every 5K but symbols are
shown every 20K.
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Fig. 2. X-ray diffraction spectra of fresh Cu-AD; and Au/Cu-ApOs3.

The onset temperature is defined as the temperature corXRD signals shown irFig. 2 and Table 1 This may be a
responding to>10% NHs conversion.Fig. 1 shows that reason for the somewhat lower activity of the catalyst with
the onset temperatures over Au/Cu®p catalysts are Cu/Al = 1/5 than that with Cu/Ak= 1/10.
30-50K lower than over Cu-ADs3. Hence, it can be con- Gang et al[18] reported that Cu/AlO3 and Cu-Ag/AbOs
cluded that the Au/Cu-AD;3 catalysts are clearly more after calcination at 773 K exhibit an excellent activity angl N
active than Cu-AlOs. This indicates that the presence of selectivity for SCO reaction. For comparison, the Cuyéd
Au enhances the activity. Among the three different Cu (Cu/Al = 1/10) catalyst was also tested following calcina-
loadings, a Cu/Al ratio of 1/10 seems to give the best ac- tion at 773 K.Fig. 3 compares its activity and selectivity to
tivity for Au/Cu-Al,03. However, the activity recorded in  that pretreated with plat 573 K. It is interesting to note that
the second heating sequence indicates that a Cu/Al of 5calcination of this catalyst indeed resulted in an improved
or 10 showed similar activities though they are both still activity. It is expected that anQreatment at 773 K results
more active than Au/Cu-AD3 (Cu/Al = 1/15). This is be- in oxidized Cu which readily catalyzes NHxidation even
cause that all catalysts except Au/Cw®@§ (Cu/Al = 1/5) at room temperature. However, the better activity was found
showed an approximately 5-10% activity decay in the sec- only in the beginning of the first heating sequence. This is
ond heating sequence compared to the first heating cycle.llustrated inFig. 3, which shows the Nl conversion and
The XRD spectra shown ikig. 2 indicate the presence of the selectivity during the first and second heating cycle for
CuO-aggregates in the Cu-A3 catalyst with Cu/Al= 1/5 calcined and reduced Cu-AD3 (Cu/Al = 1/10). The oxi-
and the corresponding Au/Cu-ADs catalyst. A rough esti-  dized Cu became partly reduced under the reaction condi-
mate also indicates that a ratio of CUfAI1/5 is higherthan  tions used in this study. ThesNselectivity is over 90%. The
needed for one theoretical monolayer coverage whereas effect of the pretreatment on the selectivity is very small.
ratio of Cu/Al= 1/10 is close to a monolayer. The absence
of CuO-aggregates in the Cu-&Ds catalyst with Cu/Al 3.3. SCO over various Au/M-Al;O3 catalysts
= 1/10 suggests that Cu oxide tends to spread over the
Al,03 surface to form well-dispersed CuO. This would Fig. 4 compares the ammonia oxidation over all other Au
imply that at the high Cu loading of Cu/At 1/5 both well catalysts in the first heating cycles. Au/Fex®k showed
dispersed CuO and CuO-aggregates are present. That tha high initial activity. However, the observed activity of
Au/Cu-Al,O3 catalyst with Cu/Al= 1/15 showed a lower  Au/Fe-AbOs in the second heating sequence is almost the
activity than the other two Au/Cu-ADs catalysts with same as that shown for Au/i@;. Subsequent heating cy-
higher Cu/Al ratio may be due to an incomplete coverage cle did not affect the performance of Au#&as. However,
of CuO on AbOs. This may suggest that a well-dispersed Au/Fe-AlLOs, just like the calcined Cu-Al3 catalyst ex-
CuO surface works as a better substrate for Au than barehibit a slightly higher initial activity in the first heating cycle
Al,03. The presence of a CuO-aggregate in Au/Cyy than in the second and further cycle. Based on the; NH
(Cu/Al = 1/5) seems to result in a larger Au particle size conversion in the temperature range from 473 to 673K,
than those with lower Cu-loading, as indicated by the Au the per-gram activities of all the tested Au catalysts can be
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Fig. 3. Effect of pretreatment of Cu-#D3 (Cu/Al = 1/10) on the NH oxidation during two heating sequences. The conversions during the second
heating cycle are somewhat lower than those found in the first heating cycle.

ranked in the following order: Au/Ti-AlO3 < Au/Al,O3 mainly from the presence of Au. XRD analysdsalfle J of

~ AuU/TiO2 < AU/Li-Al ;03 < Au/Fe&0O3 ~ Au/Fe-Al,O3 these fresh Au catalysts indicate that the Au particle size se-
< Cu-Al,03 ~ Au/Ce-AbO3 < AuU/Li-Ce-Al,03 < guence show no match to the activity sequence. Hence, the
Au/Cu-Al2Os3. It should be mentioned that the mixed metal nature of the support plays a decisive role in the differences
oxides (M-AbO3 with M/AlI = 1/15) alone were also tested in SCO activity of the catalysts tested.

and were found to be negligibly active under identical reac- The Au/Li—Ce-AbO3 catalyst shows the highest activity
tion conditions, except Cu-ADs3 as discussed before. This of the catalysts shown iRig. 4. Its activity is rather similar to
indicates that the catalytic activity shown kig. 4 comes that of Au/Cu-AbOs shown inFig. 1L However, the selectiv-

1.0q|—=— Au/ALO,
{—®— AU/TIO,
0.8 4 —A— AU/Ti-A|203
= AulFe,O,
—&— Au/Fe-Al,0,
06 9l—¢— Au/Li-AlLO,
{[—K— Au/Ce-AlL,O,
0.4 4 —&— AU/Li-Ce-A|203

NH3 Conversion

§ T
300 400 500
Temperature (K)

Fig. 4. NH; conversion over various Au/M-AD3 catalysts.
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Fig. 5. The N selectivity vs. NH conversion during Nkl oxidation over Au/Cu-AJO; and Cu-AbO3 catalysts with different Cu loadings.

ity data shows that Au/Li—Ce-AD3 produces large amounts Table 2 summarizes the temperature of 50% conver-
of N2O. Once again, this demonstrates the importance of thesion (for the first heating stage, #h1, and the second and
support.Fig. 6 depicts the variation of the nitrogen selec- further heating stages, #h2) as well as the corresponding
tivity of these catalysts with increasing NHonversion, in selectivity to N during #h1. In general, the difference
order to ratio the different activities observed in different between the first and second (and further) heating cycles
catalysts. It should be noted that the data showRigs. 5 does not exceed 20 K. Once again, Au/CuQ:y (Cu/Al

and 6 are adapted from the higher-temperature (>473K) = 1/10) performs the best in NHoxidation, in both re-
range in the first heating sequences. This is to avoid the inter-spects: the Nklconversion and the selectivity to;NOn the
ference from NH adsorption and desorption. It is clear that other hand, an important synergistic effect is observed for
only Cu-AlQO3, Au/Cu-Al;03, and Au/FeO3 show good Au/Li,O—-CeQ-Al,03, with a Tsgo, 0f 516 K, compared to

N> selectivity, whereas Au/kD—-CeQ-Al»,03 exhibits a Ts09 = 553 K for Au/CeQ—Al,03 and Tgge, = 669 K for
high selectivity to NO at temperatures higher than 500K.  Au/LioO-Al0s3.
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1 —®—AuTIO,

047 —a— AuTI-ALO,
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01 —FAuCe-ALO,
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6. The N selectivity vs. NH conversion during Nl oxidation over various Au/M-AlO3 catalysts.
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Oxidation of NH; over gold-based catalyst$soo, during the first heating

cycle (#hl) and the second heating cycle (#h2), and the corresponding

selectivity to N during #h1

Catalyst Ts09% Ts0% SN2 (%)
(#h1) (K) (#h2) (K)
Au/Al 03 >673 >673 -
Au/CuO/AlLO3 (Cu:Al = 1:15) 518 528 96
Au/CuO/Al,03 (Cu:Al = 1:10) 484 503 94
Au/CuO/AlLO3 (Cu:Al = 1:5) 5569 571 96
CuO/ALO3 (Cu:Al = 1:15) 549 589 95
CuO/AlLO3 (Cu:Al = 1:10) 536 568 99
CuO/ALO3 (Cu:Al = 1:5) 559 593 96
Au/CeQ,/Al,03 5563 568 45
Au/LiO/AlI203 669 >623 77
Au/Li,0/CeQ./AlI 03 516 531 58
AuU/TiO; >673 >623 -
AU/TiO,/Al ;O3 >673 >623 -
Au/FeQ,/Al 03 564 610 77
Au/Fe,03 585 603 94

3.4. FTIR of NH3 adsorbed over M-Al,O3 catalysts

tion bands can be attributed to these adsorption modes. This
indicates that NI adsorbs mainly through Brgnsted and
Lewis sites. However, these bands have different intensity
ratios on the various M-AlO3 catalysts. By comparing the
intensity ratios ofSsymnH, (approximately 1620 cmt) to
SsymNH,+ (approximately 1690 cmt), it can be concluded
that the fraction of Lewis acid sites increases according to:
Li-Al 03 < Ce-AlLbO3 < Ti-Al203 < Fe-AlLO3 < Al»,03

< Cu-Al>03. The observation that Cu-AD3 shows no
Bransted acid sites is consistent with earlier rep@3s-25]
Clearly, the order in concentration of the Lewis-sites does
not match the trend of increasing ammonia oxidation ac-
tivity shown inFigs. 1 and 4This suggests that the Lewis
acid site density on oxide surfaces cannot account for all
the differences in the catalytic activities.

A closer examination of the spectra showrFig. 7 indi-
cates that the spectra are more complicated and, hence, that
an explanation in terms of just NFi and coordinated Nkl
adspecies is too simple. Both the broad bands at 1150-1300
and 1450-1550cm' seem to contain more than one ab-
sorption band. For example, Li-#D3 exhibits a broad band

On oxide surface ammonia can adsorb on both Brgnstedat 1150-1300cm! that can be identified as a more in-
and Lewis acid sites. Infrared absorption of NHad-
species (on Bransted acid sites) are found at 1450-14801263 cnt. The same band on Fe-ADs appears to be a
and 1660-1690cmt for the asymmetric and symmetric
deformation modes, respectively. The bands reported for 1192 cnr? peak is more intense. By considering that all the
coordinated NH adspecies (on Lewis acid sites) are at M-Al,O3 were subjected to aHreatment at 573 K before
1250-1300 and 1600-1630 ¢t respectively[22]. Fig. 7
shows the FTIR spectra of NHadsorption on several
M-Al,03 at 313 K. It is clear that most of the NHabsorp-

tense peak at 1232 cm with two shoulders at 1192 and
combination of the 1192 and 1232 chbands where the
IR analysis, the observed 1232 and 1192¢nbands are

consistent with coordinated NHbn oxidized and reduced
FeOs at 1220 and 1190 crii, respectively, as reported in

0.7
1232
1263 48
1192
1620 1482 d
1693
1460 1393 \\-"”‘/ 05
Cu-Al203 171 1520
A ! W\f" S
A N
Ceia — \/\.\/ \4 . g
'M S
N -
<]
Li-AI203 ™\ a
‘/\’v\-\’/ \_/ L—1 03
e /\/ \
| ST~ 02
/] \
Ti-AI203 \_/
. A \/
0.1
i W
- - - - - : - T +0
2000 1900 1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm™)

Fig. 7. FTIR spectra of Nkl adsorption on different M-AlO3 catalysts at 313 K.
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Fig. 8. FTIR spectra of Nkl adsorption on

[22]. It indicates that Fe-AlO3 may be partially reduced

different Au/M-AlO;3 catalysts at 313 K.

of surface hydrazine may overlap with the symmetric defor-

following the pretreatment used in this study. The presence mation mode of coordinated-N+at around 1620 cmt.

of oxidic Fe in Au/Fe-AbO3 was considered to be responsi-
ble for the initial activity enhancement as mentioned earlier.
However, in case of Li-AlOs it is clear that the broad band
at around 1230 cmt cannot be attributed to a partially re-
duced surface. Alternatively, the multiple-band absorption

Following the band assignments of y#H coordinated-
NH3, and amide (or hydrazine) adspecies on Au/M@d,
this still leaves the 1460 and the broad 1897-érbands in
Fig. 8unassigned. Kagami et B2] attributed a 1410 cm"
band to the imido (—NH) species following NHadsorp-

in this range can be assigned to the presence of differenttion on MgO. Bi-dentate NH surface species at 1480tm

kinds of Lewis acid sitef22,24—30] However, the situation
may be more complicated as will be discussed later.

3.5. FTIR of NH3 adsorbed over Au/M-Al,O3 catalysts

Fig. 8shows the FTIR spectra of adsorbed Nat 313 K

on the different supported Au catalysts used in this study.

were reported on CuO/TiD[29] and at 1440-1450 cnt

on MO,/TiO, [28]. This is close to the 1460 cm band

in Fig. 8 and, therefore, this band is tentatively assigned to
an imide-like adspecies. By comparifggs. 7 and 8it is
noteworthy that the presence of Au increases the relative in-
tensity of the 1460 and 1585 cth bands (with respect to,
e.g. the 1620 cm* band intensity) on some Au/M-ADs.

Gold-based catalysts exhibit absorption bands at 1232, 1392 The presence of Au enhances the relative intensity of these

1460, 1482, 1585, 1620, 1692, and 1897 ¢nThe bands at
1393, 1482, and 1692 cm are close to the bands attributed
to the deformation modes of N on y-Al,O3 at 1393,
1478, and 1686 cmt [30] and are consistent with earlier re-
ports[22,31] The 1232 and 1620 cn bands irFig. 8could

be assigned to Ngladspecies or-Al,03 [22,30,31] On
the other hand, the 1232 cthband and its shoulder peaks
could have another origin. It was reported that amide-like
(-NHy) adspecies (or hydrazine) might be present following
NH3 adsorption on different oxideg2,31-33]and mixed
oxides[22—29] Peri[31] assigned a 1510 cnt band to the
—NH> bending mode on AlD3. Bands at 1187, 1210, 1560,
and 1610 cm! were assigned to the NHocking, vN—,
SasyNH, anddsymnH, modes of hydrazine on Cu/Ti(J27].
The presence of hydrazine may explain the 1192, 1232, an
1585 cnt! bands inFig. 8 The presumed 1610 cth peak

two bands on Cu-AlO3, Ce-AbQO3, and Li-Al>O3. On the

other hand, those bands on Fex@} were only slightly pro-

moted by Au and for Ti-AlO3 no enhancement was found.

Since Au significantly promotes the activity of M-ADs, it

is suggested that Au enhances the SCO activity via increas-

ing the surface concentration of the amide- and imide-like

intermediates. The Au/Ti-AlD3; showed almost no increase

in this band intensity compared to Ti-AD3. This seems

to be consistent with its low activity found in this study.

On the other hand, Cu-ADs3 is the only M-AbOg3 cata-

lyst that showed significant SCO activity in this study, but

imide-like adspecies are not present on this catalyst, as in-

dicated byFig. 7. The SCO over Cu-AlO3 may occur via

a different mechanism, most likely via a Cu surface redox
d(or Mars—van Krevelen) mechanism, as suggested earlier

[7,24,34-36] The higher SCO activity of Au/Cu-AD3 than
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Fig. 9. FTIR spectra during a stepwise TPD of Nbin Au/Li-Al»0s.

Cu/Al;03 observed in this study may indicate a synergistic and 2232 cm! were observed in the sTPO of Cus@s,
effect of a gold-promoted NHintermediate and the reac-  Au/Al,0s, Au/Ti-Al,03, Au/Fe-ALOs, and Au/Cu-AbO3

tivity of the CuO-phase. _ _ starting from 393 or 423K in sTPO experiments. These two
The FTIR spectra of a stepwise TPD (sTPD) experiment pands have been attributed to the N-N stretching mode of
of NH3 adsorbed on Au/Li-AlO3 are shown irFig. 9. Simi- N,~ adspecie§24—29] However, the presence of this band

lar experiments have been done for the other catalysts. How-did not warrant either a high SCO activity or a high selec-

ever, only the results obtained for Au/Li-AD3 are shown tjvity to N, when compared to the reaction results of this
because these spectra contain almost all the absorption feastudy.

tures observed in this study. Upon heating first thes;NH
adspecies disappear, then subsequently the bands ascribed
to surface —NH, the coordinated Nklon Lewis acid sites, 4. Discussion
and finally the 1460cmt (imido) band. This desorption
sequence seems to coincide with the expected adsorption In Table 3 the SCO activity of the Au/Cu-AD3 (Cu/Al
strength of these adspecies. It is also interesting to note that= 1/10) catalyst is compared to literature data. It is some-
the peak at 1460cm and a new peak at approximately what difficult to rank the catalysts because the experimental
1560 cnt! constitute the main IR absorption features above conditions used were quite different. In addition, no system-
473 K. The peak at around 1560 This near the reported  atic kinetic study of this SCO reaction has been reported,
NO stretching band of nitroxyl specigZb—30] This implies which makes a fair comparison of experimental data almost
that —NH adspecies may be converted to nitroxyl species atimpossible. FroniTable 3 it can be concluded that an in-
higher temperature. This suggests that an in situ SCR mechacrease of NH concentration (with a concurrent increase in
nism proposed earlier by Amblard et @3] may be involved NH3 space velocity) does reduce the conversion level over
for the gold-based catalysts. According to this mechanism both Ag-Cu/AbO3 [18] and Pt/ZSM5[8]. Pt/ZSM5 obvi-
surface NQ may be formed and react with surface NH ously showed a much more significant conversion loss. From
Readsorption of Nglat 313K after this sTPD results in  kinetics a proportionally reduced conversion is expected
the same absorption bands as showrFig. 9, although upon increasing space velocity. Thus, the increaseg it
the band intensities are a little bit smaller. This suggests tial pressure may only have a slight effect on the conversion.
that a STPD experiment does not significantly alter the cat- This suggests a low, maybe close to zero reaction order of
alyst. A subsequent sTPO (sTPD undex 20° Pa Q, not NH3 in this SCO reaction. That the IR absorption bands of
shown here) does not generate any new absorption band\NH3 did not seem to be affected by the presence of oxygen
on Au/Li-Al>03 up to 423 K. However, the Nfladspecies  supports the low Nkl dependency. This implies that NH

seem to be more stable in the presence of 20°Pa G, is more abundant than oxygen on the surface. As a conse-
as indicated by the prevalence of absorption bands to higherquence, it is very likely that the reaction rate will be more
temperatures compared to the sTPDFIg. 9. In addition, dependent on the oxygen concentration. With this in mind,

the 1460 cm! band in sTPO became more intense than the Au/Cu-AbO;s catalyst used in this study appears to be
that in sTPD. It should be mentioned that bands at 2192 the most active SCO catalyst with an excelleptdlectivity.
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Table 3
Ammonia oxidation over supported catalysts
Catalyst NR (%) O (%) SVan; T (°C)  Xnhz (%) S, (%) Reference  Remarks
5%Au/Cu-ALO3 (573K red.) 2 2 4 250 88 95 This study
300 100 95
8.7%Cu-AbOs (573K red.) 2 2 4 250 25 97 This study
300 72 98
0.6%Pt/Fe-ZSM5 (773K calc.) 0.1 2 5 200 45 99 [9] H,0 and SQ slightly decreased
activity
250 99 92
300 99 90
2.4%Fe-ZSM5 (773K calc.) 0.1 2 5 350 78 92 [13]
1.6%Fe-ZSM5 (773K calc.) 0.1 2 5 350 63 92 [12] Empty cell showed conversion
4.4%Cu-ZSM5 0.1 2 5 350 48 95 [12]
1%Fe03-TiO, (773K calc.) 0.1 2 25 300 37 91 [7] Sulfate in Fe precursor improved
performance
350 83 78
10%Cu/AbO3 (773K calc.) 1.14 8.21 4.3 250 12 97 [16]
300 90 96
7.5%Ag-2.5%Cu/AlO3 1.14 8.21 4.3 250 92 99 [16]
(773K calc.)
7.5%Ag-2.5%Cu/AlO3 0.1 10 0.5 200 92 92 [16]
(773K calc.)
250 100 92
10%Ag/Al,03 (473K red.) 0.1 10 0.5 140 95 82 [15] Calcined catalyst or that reduced
at higherT was less active
200 100 82
8.4%Cu/Y (673K calc.) 1.14 8.21 4.3 250 68 97 [6,14] NaOH treatment increased activity
300 100 98
4.1%Pd/ZSM5 (773K calc.) 0.1 4 1 200 46 89 [8] Reduced Pd catalyst showed
higher low-T activity
250 94 75
300 98 81
2.5%Pt/ZSM5 (773K calc.) 0.1 4 1 200 99 71 [8] H,0 decreased activity but
increased selectivity
250 100 41
2.5%Pt/ZSM5 (773K calc.) 4 4 40 250 77 63 [8]
300 95 50

8The NH; space velocity, S\H,, has a unit of ml NH/(ming) catalyst.

Gang et al[17] observed a large effect of pretreatment This can be derived from the observation kig. 3 that
for Ag/Al,O3 Prereduction at 473K resulted in a higher the activity in the second heating cycle of the calcined
activity for SCO reaction than a pretreatment of reduction Cu-Al,O3 was almost the same as that of the reduced
or calcination at 773 KFig. 3 also indicates a strong ef- one.
fect of the pretreatment on the performance of Cu@hl Another factor that may affect the SCO activity is the
It implies that oxidic Cu is more active for SCO than re- surface acidity. It is expected that an acidic surface should
duced Cu. Pradier et g36] reported that surface oxygen enhance NH adsorption. However, such an enhanced ad-
on Cu(110) favors abstraction of hydrogen from NH  sorption could have a negative effect on SCO because
This suggests that the step of hydrogen abstraction fromsurface NH may be the more abundant species as dis-
NH3 by surface oxygen leads to subsequent conversioncussed earlier. This is supported by the observation that a
of NH3. This kind of mechanism has been discussed ear- post treatment with NaOH increases the SCO activity of
lier: surface oxygen abstracts hydrogen from \id form several catalystf8,16]. On the other hand, Long and Yang
surface hydroxyl and amide, as well as subsequent imide[9] attributed the observed performance of Fe-Tifre-
and adsorbed N. However, the reaction mechanism may bepared from sulfate-precursor in SCO to the effect of surface
quite different for a reduced metallic surface and an oxidic sulfate. However, this sulfate-containing Fe-Zi@ctually
surface[34—36] It should be noted that the test conditions showed a lower Nkl conversion but a somewhat highes N
used in this study seem to keep the surface more reducedselectivity, similar to the effect of the inclusion of $@n
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the feed[7,9]. Therefore, a less acidic surface may favor a can be identified by the IR band of(NH) at 1410-
high activity in SCO. 1460 cnt!. Such a sequential N-dissociation (hydrogen
Ammonia adsorption is used frequently to characterize the abstraction) is considered to be the mechanistic routeto N
surface acidity. Davydof22] commented from the work of  NO, and NO formation in SCO reactiofil3,22,24,32]
Svatos et al[37] that the asymmetric deformation vibration Ramis et al[24] proposed the formation of hydrazine as a
of ammonia molecules is sensitive to the nature of the cation. critical step toward N formation, whereas a surface imide
This comment was cited in later publications, ¢2@,24—30] is apt for NO formation via nitroxyl species. Amblard et al.
where more than one type of Lewis acid sites were used[13] questioned this hydrazine-involved mechanism and
to explain the IR spectra in the range of 1100-1300tm  favor an in situ SCR mechanism in which the surface,NO
Svatos et al[37] examined the IR spectra of many solid can be reduced by N The further activation of surface
metal amine complexes. If their data of asymmetric bending NH,, is considered as a possible rate-limiting step in the
band frequency are re-plotted versus the symmetric defor-mechanism of SCR. In this study, we observed that
mation band frequency, it appears that most of the data fall
within a window of 1590-1630 and 1250-1320cmThis
suggests that the NHdeformation band may not be very
sensitive to the cation characteristics. This suggestion is
consistent with the conclusions of Svatos et[alf] who
reported that the rocking band frequency is most sensitive The presence of Au seems to enhance H-abstraction of
to the nature of the N—M bond. Davyd§22] also showed NHs3. The enhanced concentration of imide and the higher
that the symmetric deformation band of jlidn CI-Al>Osg, SCO activity is consistent with the limiting step of the mech-
Al»03, and Na -Al,0s is at 1260, 1240, and 1230 crh re- anism of SCR discussed above. However, the IR analysis in
spectively. This suggests that the strength of Lewis acid site this study could not identify the mechanistic route tg Bind
may only cause a limited band shift. This makes the attribu- NO, selectivity. From the observation that the SCO selec-
tion of the broad band around 1200-1300¢nn Figs. 7— tivity of Au catalysts strongly depends on the type of MO
9 to multi-Lewis acid sites ambiguous. The shoulder band additive, it seems that the SCO selectivity is determined by
at around 1190 cmt shown inFigs. 7-9could also be at-  certain metal-support interaction. Our results show that the
tributed to molecularly adsorbed NHn the reduced metal, selectivity toward N, N2O or NO can be steered into the
since a 1180 cm! band has been reported on Cu(1 13§] desired direction by a proper choice of the additive.

(a) Au significantly enhances the SCO activity of Mo8k;
and

(b) the IR band of surface imide-species is increased by the
addition of Au.

and a 1190 cm! band on reduced E83 [22]. However, the
intensity of the 1190 cm! band did not decrease in the pres-

ence of 2x 10% Pa of oxygen, whereas a quick decrease of 5.

the intensity upon @admission was observed on Cu(110)

[36]. This again indicates that NHis more abundant on 1.

the surface. From the trend of concurrent band disappear-
ance during sTPD and sTPO, the shoulder band around
1190cnt? can be attributed to the rocking mode of —NH

associated with surface amide or hydrazine. Adsorbed amide

and hydrazine species can only be distinguished byghg 2.

mode of hydrazine. However, on TiGnd TiG-supported
CrO,, Co0O;, Fe0s3, and Cu0][24,25,28,29] this mode
was assigned to a band at 1210-1225 &nwhich is close
to the region of the symmetric deformation mode of NH
coordinated on Lewis acid sites. Amblard et |l3] also
questioned the possibility of surface hydrazine based on the
tendency of hydrazine decomposition into NHActually,
it has been reported that both Nkind NoH4 adsorption
result in very similar IR spectra on calcined Nij83 [13]
and TiQ-supported oxide$24,25,28] This makes a def-
inite assignment of surface hydrazine almost impossible.
Nevertheless, IR studies can clearly identify the presence
of —NHy surface species by its less controversial rocking
and asymmetric deformation modes around 1160-1190 and
1550-1580 cm?, respectively.

The presence of surface —Nhhdicates the dissociative

adsorption of NH and/or the presence of H-abstraction on 3.

the surface. Its subsequent dissociation to imide adspecies

Conclusions

Cu-AkLO3 was found to be an active catalyst and very
selective to N consistent with literature data. #Ds,
TiOy, Ti-Al 203, F&03, Fe-AbOs, Li-Al 2,03, Ce-AlL, O3,

and Li—Ce-AbO3 are inactive for SCO at temperatures
below 673 K.

The addition of Au to the above-mentioned M>8g
results in a significant enhancement of the SCO ac-
tivity. However, the activity and selectivity are very
dependent on the M-AD3 used. Au/Cu-AdO3 and
Au/Li—Ce-Al,03 are the two most active catalysts used
in this study, where a 50% NHconversion can be
achieved at approximately 484 and 516 K, respectively.
However, the Au/Cu-AlO3 shows a N selectivity above
90%, whereas the Au/Li—Ce-4D3 has a maximum
N> selectivity of only 60% at 523 K. The selectivity of
this catalyst to NO formation increases with increasing
temperature and reaches 80% at the maximum temper-
ature used in this study viz. 673 K. This catalyst may
be a promising catalyst for the production of®l This
suggests that Au promotes the SCO activity and that the
selectivity to N, N2O or NO can be steered into the
desired product by a proper choice of the oxidic additive.
FTIR analysis of adsorbed species was carried out
on selected M-AlO3 and Au/M-AlLO3 catalysts. The
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