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ABSTRACT

GOLD SUPPORTED ON TUNGSTATED ZIRCONIA: SYNTHESIS,
CHARACTERIZATION and IN SITU FT-IR INVESTIGATION of
NO,+C3Hs SURFACE REACTIONS

Serdar Mametsheripov
M.Sc in Chemistry
Supervisor: Assoc. Prof. Dr. Margarita Kantcheva

May 2012

The potential of gold supported on tungstated zirconia as a catalyst for selective
catalytic reduction of NOy with propene (C3Hs-SCR) was investigated by in situ FT-IR
spectroscopy. Samples of tungstated zirconia were prepared by both impregnation and
coprecipitation methods using ammonium metatungstate (AMT) as a precursor. Gold was
deposited on the supports via cationic adsorption from aqueous solution of [Au(en),]Cl;
complex (en = ethylenediamine). The samples were characterized by XRD, XPS, BET, DR-
UV-vis, ICP-MS and FT-IR spectroscopy of adsorbed CO. The results show that the samples
consist of tetragonal zirconia crystallites hosting uniform layer of polytungstate species. The
gold particles occupy preferentially the WO\-free zirconia surface and the dispersion of gold
depends on the amount of coodinatively unsaturated (cus) Zr** ions. The modification of
zirconia by tungsten facilitates the gold uptake but at the same time causes decrease in the

concentration of (cus) Zr** ions thus lowering the despersion of gold clusters.

The interaction of gold supported on WO-free (Au/ZrO,) and WO-modified zirconia
samples (Au/xXWZ-1, where “I”” denotes the incorporation of WOj3 by impregnation and x = 5,
12, and 20 wt % of WO3) with NO+O, gas mixture shows that the W-containing samples

promote the formation of NO, at room temperature. The FT-IR spectra obtained at room

\%



temperature during the contact of CO with gold samples containing pre-adsorbed NOy species
reveal the formation of isocyanates (NCO) coordinated to gold sites. The generation of
Au-NCO species in the ad-NO,+CO reaction is confirmed by using **CO and treatment of the
adsorbed isocyanates with water vapor. The gold isocyanates display high thermal stability.
However, they react readily with NO, at room temperature. This finding suggests that gold
supported on tungstated zirconia could be of interest as a low-temperature catalyst for CO-
SCR of NOx.

The FT-IR spectra recorded during the contact of CsHg and O, gas mixture with
Au/ZrO; and Au/xXWZ-1 samples lead to the conclusion that the WO-free sample catalyzes
the complete oxidation of propene. The Au-promoted tungstated samples, which contain

redox (W=0 groups) and Brensted acid sites, favor the partial oxidation of the hydrocarbon.

The results of a detailed mechanistic investigation show that the activation of propene
in the presence of NOy species adsorbed on Au/xXWZ-I samples takes place at room
temperature producing surface isopropoxides. The interaction of the latter species with the
surface nitrate complexes leads to the formation of nitroacetone [CH3C(O)CH,;NO,]. It is
proposed that at higher temperatures (e.g. 150°C) the nitroacetone coordinated to gold
particles transforms through an internal redox process producing surface acetates and
Au-NCO species. The isocyanates react with the NO3 /NO, surface complex formed by
oxidation of NO yielding molecular nitrogen, N,O and COy as reaction products. The gold-
free samples do not cause the formation of NCO species under the same experimental
conditions. This experimental fact suggests that the Au particles play fundamental role in the
formation of the NCO species. The amount of Au-NCO species produced is the highest on
ZrO,-based catalyst containing 1.8 wt % of gold and 12 wt % of WO3; (Au/12WZ-1 sample).
This material combines better gold dispersion with sufficient amount of Brensted acid sites
necessary for the activation of propene to hydrocarbon oxygenates leading to the formation of
nitroacetone. Based on the catalytic activity measurements, it is concluded that among the
materials studied, the Au/12WZ-I catalyst could be promising in the C3Hg-SCR of NOx.

Keywords: In situ FT-IR; Au supported on tungstated zirconia; Selective catalytic reduction
of NOx with propene; Mechanism, Reactive intermediates.



OZET

TUNGSTENLENMIS ZIRKONiYA DESTEKLI ALTIN: SENTEZ,
NITELEME ve NO,+C;H; YUZEY TEPKIMELERIN YERINDE FT-IR
ILE INCELENMESI

Serdar Mametsheripov
Kimya Boliimii Yiiksek Lisans
Danisman: Dog¢. Dr. Margarita Kantcheva

Mayis 2012

Tungstenlenmis zirkoniya destekli altinin azot oksitlerin (NOx) propenle segici
katalitik indirgenmesini (SKI) katalizleme potansiyeli yerinde FT-IR spektroskopisiyle
incelenmistir. Tungstenlenmis zirkoniya numuneleri hem doyurulma hem ortak ¢oktiirme
yontemleriyle amonyum metatungstat (AMT) oOnciilinden sentezlendi. Altin, destek
malzemeleri tizerine (Au(en),;]Cl; kompleksin (en=etilendiamin) sulu ¢6zeltisinden katyonik
adsorpsiyon yontemiyle depolandi. Numunelerin yapisal ve yiizey ozellikleri XRD, XPS,
BET, DR-UV-Vis, ICP-MS ve FTIR spektroskopisi yontemleriyle incelendi. Alinan sonuglara
gore, numuneler politungstat tiirlerin tek katman tabakasini barindiran tetragonal zirkoniya
Kristalitlerinden olusmaktadir. Altin pargaciklari, tercihen WOy-icermeyen zirkoniya
yiizeyinde yerlesmekte ve altimn dagilimi doymamus koordinasyona sahip Zr** iyonlarin
miktarina baghdir. Zirkoniyanin  tungstenle degistirilmesi altinin  depolanmasini
kolaylastirmakta ancak ayn1 zamanda doymamis koordinasyona sahip Zr** iyonlarm miktarim

azaltarak altin kiimelerinin dagilimin1 azaltmaktadir.

WOy-igermeyen (Au/ZrO;) ve WOy -igeren zirkoniya destekli altin (Au/XWZ-1, “T”
doyurulma yontemiyle WO3’nin eklenmesini ve X = 5,12, ve 20 WO3’nin kiitlesel ylizdesini
simgelemekte) numunelerinin NO+O; gaz karisimiyla olan etkilesimi gostermektedirki, WOx-

iceren numuneler oda sicakliginda NO; olusumunu saglamaktadir. Oda sicakliginda CO’nun
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onceden adsorplanmis NOy tiirlerini igeren altin numuneleri ile temasi sonrasi elde edilen FT-
IR sonuglar1 altina koordine olmus izosiyaniir (NCO) olusumunu agiga ¢ikarmaktadir. Ads-
NO,+CO tepkimesi sonucu Au—NCO tiirlerinin olusumu **CO kullanarak ve adsorplanmis
izosiyaniirlerin su buhari ile etkilesimini kullanarak ile teyit edilmistir. Altin izosiyaniirleri
yiiksek 1s1l kararlilik gostermekte, ancak NO; ile oda sicakliginda kolayca tepkimeye
girmektedir. Bu bulgular, tungstenlenmis zirkoniya destekli altinin NOy’m CO-SKI’si igin

diistik-sicaklik katalizatorii 0lmasi agisindan umut verici olduguna isaret etmektedir.

CsHg ve O, gaz karisiminin Au/ZrO, ve Au/XWZ-1 numuneleriyle temasi sirasinda
kaydedilen FT-IR wverileri Au/ZrO, numunesinin propenin derin yilikseltgenmesini
katalizledigi sonucuna varmamizi saglamaktadir. Yiikselgeme-indirgeme (W=0O gruplari) ve
Bronsted asit bolgeleri igeren altin depolanmis tungstenlenmis numuneler hidrokarbonun

kismi yiikseltgenmesini saglamaktadirlar.

Detayli bir mekanistik inceleme sonucuna gore, AU/XWZ-I numunelerine
adsorplanmis NOy tiirleri ortaminda, propen, oda sicakliginda izopropoksite doniigsmesi
suretiyle aktif hale gelmektedir. izopropoksidin yiizey nitrat kompleksleriyle etkilesimi
nitroaseton [CH3C(O)CH2;NO;] olusumuna neden olmaktadir. Daha yiiksek sicakliklarda
(150°C) altin pargaciklaria koordine olmus nitroasetonun igsel bir yiikseltgenme-indirgenme
siireciyle yiizey asetat ve Au-NCO tiirlerine doniistiigii 6nerilmektedir. Izosiyaniirler NO
yiikseltgenmesi sonucu olusan yiizey NO3 /NO; kompleksleriyle tepkimeye girerek molekiiler
azot, N,O ve COy’u olusturur. Ayn1 deneysel kosullar altinda altinsiz numuneler NCO tiirlerin
olusumuna neden olmamaktadir. Bu deneysel gergek, Au parcaciklarinin NCO tiirlerin
olusumunda 6nemli bir rol oynadigini gostermektedir. Au—NCO tiirlerinin miktarinin en ¢ok
oldugu durum kiitlece %1.8 altin ve %12 WO3; (Au/12WZ-1 numunesi) igeren ZrO,-bazli
katalizator yiizeyindedir. Bu malzeme iki 6nemli 6zellige sahip. Birincisi, ylizeyinde altin
pargaciklarin ¢ok iyi bir sekilde dagilmis olmasi, ikincisi ise yiizeyinde yeteri miktarda
Brensted asit bolgelerini bulundurmasidir (propenin aktif hale gelmesi i¢in gerekli). Katalitik
etkinlik dl¢limlerine dayanilarak, incelenilen maddeler arasinda Au/12WZ-1 katalizat6riiniin

NO,’1n C3He-SKi’si icin gelecek vaadettigi sonucuna varilmustir.

Anahtar Kelimeler: Yerinde FT-IR; Tungstenlenmis zirkoniya destekli altin; NOy’in

propenle segici katalitik indirgenmesi; Mekanizma, Reaktif araiirtinler.
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1. INTRODUCTION

1.1 Environment pollution and exhaust emissions

It is now widely believed that global warming is caused by deforestation and burning
of the fossil fuels [1]. These fossil fuels when burned produce green house gases such as CO»,
CH,4 etc [2]. Greenhouse gases and other air pollutants mainly originate from stationary (e.g.
industrial power plants etc) and mobile (cars, trucks etc) sources. Main pollutants in the
vehicle exhaust gases are unburned hydrocarbons (HC), CO and NOyx (NO and NO,). To
prevent the pollution, rules and regulations which control and limit the amounts of pollutants
have been set. In Europe for passenger cars which use diesel Euro 5, NOy emission standard
was 0.180 g/km by 2009 [3]. Various technologies have been developed and applied to meet
these standards. Perhaps the most known among them are the Three Way Catalytic (TWC)
converters for the internal combustion gasoline engines. This system consists of catalysts
which promote oxidation of CO, HC and reduction of NOy to N, simultaneously [4]. Even if
this system proved to be useful for gasoline engines, it can not supply efficient control of NOy
emissions for diesel and lean-burn engines (they operate at air to fuel ratio of 17-26) [4]. To

overcome this problem various catalytic techniques have been proposed.

1.2 Catalytic techniques for NO, post-combustion abatement
under lean conditions

There are three main catalytic technologies used for removal of NO, from the exhaust
gases of lean burn and diesel vehicles [5-8]. These are 1) NOy storage; 2) urea-selective
catalytic reduction (urea-SCR) and 3) hydrocarbon-selective reduction (HC-SCR). All of
these techniques mentioned above have important drawbacks.

1.2.1 NO, storage and Reduction

This process consists of two steps [5-9]: 1) NOy storage over the Ba sites (which are in

the form of BaCO3 due to presence of CO, in the exhaust gas phase). This step occurs during



the normal operation of the engine under lean conditions. 2) Regeneration and cleaning up of
the catalyst surface via desorption and reduction of NO, with the help of a noble metal.
Generally a NOy storage catalyst has two noble metal components Pt or Pd, that will help
oxidation of NO, CO and hydrocarbons (HC) under lean operating conditions and Rh for the
purpose of reducing the NOy by CO under reach regeneration conditions [7-9]. The NOy
storage technology is commercialized in Japan.

Major disadvantages of a NOy storage system for diesel engines can be listed as fuel
over-consumption during the regeneration phase (to supply enough amount of reductant
engine control systems are mounted and this leads to over-consumption), methane emission,
sulfur sensitivity, difference in performance of NO, removal system at low and high
temperatures, thermal deactivation of the catalyst, high cost of the system.

At the onset of the catalyst regeneration step significant amount of reductants (CO, H,,
hydrocarbons including methane) are produced in the engine. All of the reductants but
methane are consumed by adsorbed NOy. Methane (a greenhouse gas) leaves the NOy storage
system intact and contributes to the overall hydrocarbon emission from the vehicle exhaust.
This extra content of HC challenges the emission standard set by Diesel Euro standards [9].
To overcome this problem sometimes cars are designed in such a way that they have special
injector in the exhaust line that provides the necessary reductants directly from the fuel tank
and prevents the release of methane. This application obviously results in higher fuel
consumption [9].

The NOy storage system cannot be used for fuels with high concentration of sulfur [5-
9]. Nowadays it is used in Japan where vehicle are loaded with low sulfur content fuels [6].
Gasoline used in US and Europe has high sulfur content and during engine operation acidic
sulfur oxides form and they adsorb stronger than NOy on the catalyst surface in this way
poisoning the catalyst (especially alkaline earth metal component). Using low-content sulfur
(<10 ppm) fuel is not an option because lubricant also contains sufficient amount of sulfur to
cause the deactivation of the NOy storage catalyst. The sulfur concentration in lubricant
cannot be reduced because it determines the lubrication property [9].

To be suitable for application in light duty diesel vehicles the activity window of the
NO, storage catalyst must be in the range of 150-350°C [10] which is much lower when
compared to gasoline engine. Because at low temperatures oxidation of NO to NO, becomes
the controlling factor, separation of NOy storage property from the NO oxidation property is
necessary [10]. At low temperature and rich conditions the overall activity of the catalyst is

determined by decomposition rate of stored nitrates and reduction rate of NO,. Temperatures
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as high as 600°C can be reached in heavy duty diesel systems. At high temperatures
thermodynamic stability of stored nitrates may be an important problem. This can result in
insufficient adsorption of NOy and NOjy slip may occur during the lean periods [10].

The NOy storage catalyst can get thermally deactivated through the sintering of barium
species and formation of barium aluminates [5-9].

High content of precious metals (Pt and Rh) in the catalyst makes the NOy storage
system application costly. So far rhodium price has been incessantly increasing and in 2006
price of it reached more than three times the price in previous year [9]. By March 2012 its
price was about 1500$ per ounce (www.kitco.com) and of Pt was 1600$ per troy ounce

(money.cnn.com).

1.2.2 Urea- Selective Catalytic Reduction

The urea-SCR has been used as a NOx removal technology for heavy-duty trucks and
buses in Europe since 2005 [11]. However it has been used in industrial stationary
applications since 1970s and has evolved a lot since then [12]. This system exploits
interaction of ammonia with NOy over the catalyst (vanadia supported on titania with WOs3
and MoOj3 as promoters). Aqueous urea solution is used as a source of ammonia because
ammonia is toxic and corrosive and a gas difficult to handle [11]. The urea-SCR system

occupies a lot of volume onboard because it consists of large number of parts [9]:

» Urea injector and a control unit for adjustment of quantity injected.

» Additional tank to store urea solution.

» A mixer at the catalyst inlet to provide a uniform ammonia concentration in
exhaust gas.

» A catalyst to facilitate hydrolysis of urea to ammonia.

SCR catalyst for NOy reduction.

A\

» A clean-up catalyst for maintaining proper amount of ammonia (10 ppm) released
from exhaust.
» NOy sensor to control the amount of ammonia injected and for diagnosis of the

urea-SCR system

The urea-SCR is most efficient in the temperature range 250 — 400°C [9,11,12]. Before the
operation the SCR and the urea catalysts must be pre-heated. NOy conversion is dependent on

NO to NO, ratio and optimum conversion is achieved when this ratio is 1. Thus a NO



oxidation catalyst is needed to be installed upstream of the system [9]. Installation of the urea-
SCR system into the passenger cars is not feasible due to unavailability of enough space [9].
Deficiency in infrastructure in terms of availability of urea along with fuel is yet another
setback [5, 9]. Moreover urea solution has freezing point of -11°C making application of this
system in cold countries impossible [9]. In high oxidative conditions sulfur from the diesel
fuel is oxidized to sulfur dioxide which can react with ammonia to produce ammonium
sulfate. Build up of this compound on catalyst surface can cause irreversible deactivation
[13]. Besides this at low temperatures (100-200°C) ammonia and nitrogen dioxide together
can form ammonium nitrate, the explosive which can also temporarily deactivate the catalyst
via accumulation inside the pores of the catalyst in solid or liquid form [12]. Finally it should
be noted that an effective urea injection system is not available so far and this complicates the

control of ammonia slip and secondary emissions [5-9].
1.2.3 Hydrocarbon (HC) - Selective Catalytic Reduction

In HC-SCR system either hydrocarbon that already exists in the exhaust is used
(passive control) or it is added as a fuel upstream of catalytic converter (active control) to
reduce NOx [5,7]. In 1990 two groups (Held et al. [14] and Ilwamoto et al. [15]) independently
discovered that Cu/ZSM-5 is active for SCR of NO with alkanes and alkenes in the presence
of oxygen. Since then much work was done on this subject and a lot of catalysts both zeolitic
and non-zeolitic have been proposed [7,8,16,17]. However it was found out that zeolite-based
catalysts did not have hydrothermal stability making them inapplicable to real exhaust
conditions [7,8]. Thus focus was shifted to metal oxide catalysts. In literature there are several
review papers dealing with oxide based HC-SCR [8,16,17]. Metals Mn, Fe, Co, Ni, Cu, Sn,
Ga, In and Ag (promoters) when combined with Al,Os3, TiO,, ZrO,, MgO are catalytically
active in the selective reduction of NOy with hydrocarbons. Silica is not active itself but can
be used as a support. Under lean conditions the promoter metals tend to exist in oxidized state
[17]. The performance of these oxide based HC-SCR catalysts strongly depends on
functionality of the hydrocarbon (alkane, alkene, alcohol) and the carbon number. The higher
the carbon number in the reducer, the lower the activity temperature range [8,16,17].
Nevertheless C,-C; alkenes and alkanes have been extensively tested because these

hydrocarbons are present in the automobile exhaust gas mixture [17].

In HC-SCR of NOy, the extent of reduction of NOy is determined by type of the metal
and the hydrocarbon used. Among the noble metals, platinum is the most active and selective



metal [8,17]. Depending on the type of the hydrocarbon present Pt can exist in either oxidized
or reduced state during the selective oxidation of NO in excess oxygen atmosphere [17]. In
the presence of strongly adsorbing hydrocarbons like propene and lighter alkanes, the excess
oxygen cannot oxidize the platinum because it is covered with hydrocarbonaceous residues.
Whereas methane and propane cannot prevent the oxidation of platinum. The reduction of NO
takes place on the surface of reduced Pt covered with hydrocarbonaceous residues [17].
Despite the fact that non-zeolitic catalysts are hydrothermally stable they cannot be used at
low temperatures because they generally show activity at high temperatures (above 300°C)
[7,8,16,17]. Platinum supported on alumina however is an exception with the maximum
activity attained at 250°C. Unfortunately the activity temperature range is narrow and has low
N, selectivity producing significant amount of byproduct N,O at low temperatures [7,8,17].
Investigations with ZrgNb,O47 solid solution have shown that maximum activity is reached

already at 220°C in the selective catalytic reduction of NO, with propene [18].

Lately, silver supported on alumina in low loadings attracted much attention as a
catalyst for HC-SCR of NOy [5,8,19]. In the presence of various hydrocarbons as reductants
these catalysts are active and selectively promote the formation of N,. However they have the
same disadvantages as other oxide based catalysts: narrow temperature window and low
activity in low temperature region (150-350°C, the diesel exhaust conditions) [5-8,10,19].
One way of overcoming this problem can be adding of H; to the feed [5,8,19]. The activity of
catalysts improves a great deal especially when a reactive reductant such as octane is used. In
the absence of hydrogen activity begins to increase at 350°C and becomes maximum at
approximately 500°C before going downhill again. However when only 0.72 % H, is added to
the feed reaction begins at 100°C and conversion has a peak value already at 200°C. The
effect of hydrogen on the activity of Ag/Al,Oj3 catalysts is especially interesting because it is
believed that it offers a promising way for continuous reduction of NOy emissions under lean
conditions using diesel added prior to the catalyst (active NOy control) [5]. In order to make
this strategy competitive, further development is needed regarding on-board production of H,.
In addition, the extensive sintering of supported silver and sulfur poisoning may represent an

important drawback for practical application [7].

Literature review reveals that gold supported on ZnO, MgO, TiO,, ZrO,, Al,03, Fe;03
[20,21] is fairly active in selective reduction of NOy to N, with propene in the presence of
oxygen in the temperature range 200-500°C. The activity temperature is dictated by the type
of the support used. Au/ZnO shows activity at 250°C with the NO to N conversion of 32-49
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% [20,21]. At 250°C nanosized gold supported on zirconia can achieve 32 % of NO
conversion in the reduction with propene in excess oxygen atmosphere [20]. Gold supported
on alumina is even better, resulting in 80 % NO to N, conversion, however at 450°C [20,21].
On the other hand Au on TiO, is active at 350°C [20]. A mechanism in which NO is first
oxidized to NO, which is then reduced to molecular nitrogen by an activated propene species
have been proposed for this catalytic systems [20,21]. According to the kinetic data [20-23]
collected for reduction of NO catalyzed by gold supported on alumina and titania, the
oxidation of NO to NO; is rate-determining step. Mechanical mixtures with Mn,O3 or CeO,
(to boost the oxidation of NO) increase the catalytic activity by pulling down the temperature
of maximum conversion of NO to N, to 225-300°C range [20,22,23]. This effect is attributed
to bifunctional mechanism in these systems [24,25]. In this mechanism NO is oxidized with
molecular oxygen over Mn,O3 to form NO, in gas phase, which then reacts with propene
adsorbed on the surface of gold particles [20,22]. It should be noted that the gold deposited on
solely Mn,O3 or CeO; is not good for SCR of NO with propene because it completely
oxidizes the hydrocarbon to CO, [22,26]. This is also supported by the fact that gold
dispersed on easily reducible supports is not active for partial oxidation of propene [27].
However, when gold is supported on less reducible oxides like V,0s and MoOg, the propene
is partially oxidized to propanal, acetone, ethanal and acetic acid [27]. It is known that V,0s
and MoOj; supported on silica have Bronsted acid sites on their surfaces [28]. FT-IR
spectroscopic research has revealed that the activation process of propene over the catalysts
which have Brensted acid sites consists of formation of isopropoxide species on the catalyst
surface and then with the increase in temperature further oxidation to acetone and acetate
species takes place [18,29,30]. In SCR of NOy with propene, these products of partial
oxidation are key intermediates and they form nitrogen containing organic compounds which
then react with NO+0O,/NO, at high temperatures to produce N,. Brensted acids like
WO3/ZrO, and ZrgNb,O;; can catalyze the oxidation of NO by O, already at room
temperature and W® and Nb>" ions are responsible for this [18,31]. It can be concluded that
oxide systems which have strong Brensted acid sites like WOj3 supported on zirconia can
provide both oxidation of NO and activation of propene. The bifunctional property of these
oxides makes them potential component of gold containing catalysts for the low temperature
DeNOy. It is proposed [32] that dispersed gold can promote the activity of the support for the
oxidation of NO to NO; in the wide temperature range. Moreover when compared with the
amphoteric zirconia the acidic tungstated zirconia should show more resistance to SO,

poisoning which could be one of the reasons for deactivation of catalysts.
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1.3 Mechanism of HC-SCR of NO, on non-zeolitic oxide-
based catalysts

In order to be able to properly design and apply the SCR technology it is important to
understand the chemistry of this process in terms of mechanism. In the review made by Burch
et al. [8,17] for non-zeolitic oxide based catalysts it is reported that over oxide-supported
platinum group metals NOx reduction consists of two steps. First, NO is dissociatively
adsorbed on reduced noble metal and second, two adsorbed nitrogen atoms recombine to form
molecular nitrogen [33]. Hydrocarbon maintains the removal of atomic oxygen (coming from
NO dissociation) and dissociation of O, to regenerate the reduced metal surface [33]. Even if
for noble metal catalysts the above explained mechanism was proven, it was also shown that
mechanisms observed in the case of metal-free oxide catalysts may also operate for metal-
promoted catalysts [8,17 and references therein].

For noble metal-free oxide based catalysts two different DeNO, mechanisms have
been proposed regardless of the nature of the catalyst and the reductant used [8,17]. In the
first mechanism, the so called NO reaction pathway [8,17], gaseous or adsorbed NOy species
interacts with hydrocarbons (HC) [34-53] forming organic nitro compounds (R-NO,) as
intermediates [18,34-51]. These intermediates may produce molecular nitrogen directly [35-
37] or decompose into other intermediates like isocyanates [18,34,36,38-47], ammonia
[40,41,44,45,47], oximes [43], nitriles [46,47], hydrocarbon oxygenates and adsorbed NO
[50-53]. It was suggested by Thomas et al. [50,51] that the hydrocarbon oxygenates reduce
the adsorbed oxygen produced by decomposition of NO to N, as a result regenerating the
corresponding catalytic sites. Kantcheva and Cayirtepe [52] detected the formation of methyl
nitrite (which originates from nitromethane intermediate) as a result of interaction of methane
with NOy species adsorbed on the surface of Pd-promoted tungstated zirconia. The organic
nitrite decomposed to adsorbed NO and formates which reacted further to molecular nitrogen.
The same pathway is suggested in the case of CH;-SCR of NO over Pd/Zr,NbgO17 catalyst
[53]. The DRIFT studies carried on Au/y-Al,O3 [54] revealed that the selective reduction of
NO with propene consisted of oxidation of NO to NO, and interaction of NO, or its adsorbed
species (nitrates or nitrites) with activated propene to form R-NOy adsorbed on the support.
Although the latter surface compound was not detected, it is thought that it experienced an
internal rearrangement and decomposition to NCO and CN species which further reacted with

NO+O, or NO, to form nitrogen. The observation that model nitroorganic compounds



produced similar products as a result of decomposition during the SCR reactions supports the
importance of nitroorganic compounds as intermediates [35,40-42,45-49,52].

The second so called hydrocarbon pathway [8,17] takes into account the presence of
two possible oxidants, O, and NOy, in the reaction gas mixture or strongly adsorbed NOy
species (nitrites and/or nitrates) on the catalyst surface, which can activate the HC producing
oxygenates [55-59]. These compounds reduce the surface NOy species to molecular nitrogen.
Increase in DeNOy activity when oxygenates are used as reductants supports this mechanism
proposal [34,42,60-66].

Scheme 1 (adopted from references [8,17]) summarizes all of the proposed
mechanisms for SCR of NOy on oxide based catalysts. It can be concluded that there is no

general agreement about the actual mechanism [8,16,17].
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Scheme 1. Reaction scheme of the HC-SCR of NO over oxide catalysts

1.4 Aim of Study

The objectives of the investigation are to develop an efficient synthetic approach for
the deposition of nanosized gold particles on WOy-modified zirconia and to evaluate the
potential of the gold-promoted solid acids as catalysts for the low-temperature C3Hg-SCR of
NOy by using in situ FT-IR spectroscopy. To the best of our knowledge, the performance of
gold supported on WO,-modified zirconia in the SCR of NOy with hydrocarbons has not been
investigated to date.

Before the use of new catalysts in the C3Hg-SCR of NOy, it is important to know
whether all reagents, such as NO, reductant and O, are chemisorbed on the catalyst surface

and which kinds of intermediates are formed. For that purpose the adsorption and co-



adsorption of the reagents is investigated by means of in situ FT-IR spectroscopy followed by
their interaction at various temperatures. Other techniques, including UV-Visible
spectroscopy, XRD, XPS, BET are used to complete the characterization of the catalyst
structures. The localization of the WO, and gold species (including the oxidation state of the
latter) on the surface of zirconia is investigated by FT-IR spectroscopy of adsorbed CO. The
amount of deposited gold and tungsten is determined by chemical analysis. The activity of
selected samples is tested in the C3Hg-SCR of NO.
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2. EXPERIMENTAL

2.1. Sample preparation

Two different procedures were used for preparation of hydrated zirconia. According to
procedure 1, hydrated zirconia (denoted as HZ-1) was prepared by hydrolysis of 0.3 M
solution of zirconyl chloride (ZrOCl,-H,O, Aldrich) with concentrated (25%) ammonia
solution at pH 9. The slurry of the precipitated material was kept for aging at room
temperature for 12 h. Then the product was separated by vacuum filtration, redispersed in
deionized water, washed thoroughly to remove the chloride ions and dried at 100°C. The
crystallographic structure of the material obtained after calcination at 600°C was
predominantly monoclinic zirconia. Tungstated zirconia was synthesized by coprecipitation
[67] with nominal content of 18 wt % WO3; and by impregnation of HZ-1 with aqueous
solution of ammonium metatungstate (AMT, Fluka) using the method proposed by Martinez
et al. [68]. This procedure consisted of impregnation of HZ-1 with aqueous solution (3 mL/g
hydrated zirconia) containing the required amount of AMT to obtain WO; loadings
corresponding to 5, 12 and 20 wt%. The final calcination temperature of all tungstated
zirconias was 600°C. Gold was deposited by cation adsorption for 2 h from aqueous solution
of [Au(en),]** complex (5.85x10° M) at pH=9.6 and room temperature. After the separation
of the gold complex solution by filtration, the solid was washed by deionized water until
negative test for chloride ions. The samples were dried at 80°C for 48 h and calcined for 1 h at
400°C. The cationic gold precursor was prepared following the procedure of Block and Bailar
[69]. The obtained materials were labeled as Au/xXWZ-CP or |, where x stands for the WO3
nominal content in wt %. CP and | denote co-precipitation and impregnation, respectively
(see Table 1).

In order to study the effect of tungsten, gold was deposited also on zirconia by cation
adsorption of [Au(en),]** complex using the same conditions applied to the W-containing
samples. Since the incorporation of WOy species stabilizes the tetragonal phase of zirconia
[68,70-76], WO\-free tetragonal zirconia was used for the preparation of ZrO,-supported gold
sample. The goal was to eliminate the effect of crystal phase on the interaction of gold
precursor with the support because there are differences in the acid-base properties [77], and
types and concentration of the surface hydroxyl groups [78] of zirconia polymorphs. In

addition, the CO adsorption capacity of monoclinic zirconia is larger than that of the
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tetragonal phase [77] which may affect the CO+O, surface reaction. Li et al. [79] have found
that Au supported on monoclinic zirconia exhibited much higher activity in the low-
temperature WGS reaction than the catalyst supported on tetragonal zirconia. Tetragonal
phase of zirconia was prepared by a method similar to that described by Jung and Bell [78]
denoted as procedure 2. The synthesis consisted of hydrolysis of 0.6 M solution of
Zr0O,Cl,.8H,0 with concentrated ammonia solution (25 %) at pH = 9 and room temperature.
The obtained precipitate was washed several times with deionized water until negative test for
Cl™ ions. Then the washed precipitate was aged in aqueous solution of ammonia (with pH=9)
at 100°C for 48 h under reflux and periodical supplement of NH3q) in order to keep constant
pH of 9. The resultant hydrated zirconia was dried at 100°C for 24 h. The material was
denoted as HZ-2. Tetragonal zirconia was obtained by calcination of the hydrated zirconia
HZ-2 at 600°C for 6 h.

2.2. Sample characterization

XRD analysis was performed on a Rigaku Miniflex diffractometer with Ni-filtered Cu
Ko radiation (A= 1.5405 A). The DR-UV-Vis spectra were obtained under ambient conditions
with a fiber optic spectrometer AvaSpec-2048 (Avantes) using WS-2 as a reference. The BET
surface area measurements were performed with a TriStar 3000 automated gas adsorption
analyzer (Micrometrics). The samples were dehydrated under vacuum (1072 Torr) for 3 h at
250°C before the measurements in order to remove adsorbed water and volatile compounds.
The XRD, DR-UV-vis and BET measurements were performed in the Department of

Chemistry, Bilkent University.

The micro-Raman spectra were recorded on a LabRam confocal Raman microscope
with a 300 mm focal length (Department of Chemistry, Bilkent University). The spectrometer
is equipped with a Ventus LP 532 50 mW diode-pumped solid state laser operated at 20 mW,
with a polarization ratio on of 100:1 and a wavelength of a 532 nm and a 1024 x 256 element
CCD camera. The signal collected was transmitted via fiber optic cable into a spectrometer
with 1800 g/mm grating. The Raman spectra were collected by manually placing the probe tip

near the desired point of the sample on a silicon wafer.
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The content of gold was determined by ICP-MS analysis in Middle East Technical
University, Central Laboratory. The tungsten content in the samples was calculated as
difference between the nominal content in the solid and the concentration of tungsten in the
filtrate produced during the deposition of gold from the gold precursor. The tungsten content
in the filtrate was determined spectrophotometrically by the thiocyanate method at A = 410
nm [74,80,81].

The X-ray Photoelectron spectra were obtained using unmonochromatized Al Ka
(1486.6 eV) radiation in a VG ESCALAB MK 11 electron spectrometer (Institute of General
and Inorganic Chemistry, Bulgarian Academy of Sciencies) under base pressure of 1x10® Pa.
The spectrometer resolution was calculated from the Ag 3ds, line with the analyzer
transmission energy of 20 eV. The half-width of this line was 1 eV. The spectrometer was
calibrated against the Au 4f7, line (84.0 eV) and the sample charging was estimated from C1s
(285 eV) peak from natural hydrocarbon contaminations on the surface. The accuracy of the
binding energy (BE) measured was 0.2 eV. The photoelectron spectra of C 1s, O 1s, Zr 3d, W
4f and Au 4f were recorded and corrected by subtracting a Shirley-type background and
quantified using the peak area and Scofield’s photoionization cross-sections. The Au particle
size was obtained from the XPS peak intensity treated according to the Kerkhof-Moulijn
model [82,83].

2.3 FT-IR Spectroscopy

The FT-IR spectra were recorded using a Bomem Hartman & Braun MB-102 model
FT-IR spectrometer (Department of Chemistry, Bilkent University) with a liquid-nitrogen
cooled MCT detector at a resolution of 4 cm™* (100 scans). The self-supporting discs (~0.01
glcm?) were activated in the IR cell by heating for 1 h in a vacuum at 400°C, and in oxygen
(100 Torr, passed through a trap cooled in liquid nitrogen) at the same temperature, followed
by evacuation for 1 h at 400°C. The spectra of activated sample were taken at high
temperature and room temperature (RT), which were used as background references. The
spectra of the samples that were subjected to heat treatments at elevated temperatures were
recorded at those temperatures. The high temperature background reference was used in the
subtraction of the spectra taken at high temperatures and correspondingly the room

temperature background reference was used for the spectra registered below 50°C.
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2.3.1 Experimental Setup for in situ FT-IR measurements

The IR cell (with BaF, windows) temperature can be adjusted to high temperatures by
electric heater. The sample holder of the cell can be moved vertically with respect to light
beam allowing to record also the gas phase spectra (needed for gas phase correction of sample

spectra). The IR cell is connected to a vacuum/adsorption apparatus.

2.4 Catalytic activity measurements

The catalytic activity of selected samples in NO reduction by propene was tested in
Institute of Nanostructured Materials, CNR, Palermo, Italy using a quartz glass U-shaped
reactor, equipped with a temperature programmed controller. All the reactants and products
were monitored by IR and UV analyzers. The MS analysis of the reaction products was also
performed using online Pfeiffer quadrupole mass spectrometer and Balzers Quadstar
software. The steady-state tests were made upon increasing the reaction temperature, waiting
at each temperature for a constant conversion value. The catalysts were tested in a wide
temperature interval charging 0.100 g of the sample and flow rate of 50 ml/min (STP)
corresponding to WHSV of 30000 ml/g-h. Prior to the catalytic testing, the samples were
treated “in situ for 45 min under flowing O, (5 vol.% in He, 50 ml/min) at 350°C followed
by heating for 45 min in He flow at the same temperature. The standard reagent gas mixture
contained 1400 ppm of propene, 300 ppm of NO, 4 vol. % of O, in He.
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3. RESULTS AND DISCUSSIONS

It is well known that the activity of the supported Au catalysts strongly depends on the
method of preparation [84-86]. The use of careful procedures is critical in order to obtain
small gold crystallites well dispersed on the support. It has been found that an optimal gold
particle size is between 2 and 5 nm [84,85], although Kung et al. [87,88] reported that
maximum activity in the SCR of NOy with propene over Au/y-Al,O; catalyst was observed in
the 15 to 30 nm particle range. According to Kung et al. [87,88], smaller Au particles appear
to favor the combustion of propene lowering the NOy activity. Also, Seker and Gulari [89]
reported very active Au/y-Al,Os catalyst (~90% of NO, conversion at ~400°C) prepared by a
sol-gel method and using gold acetate as a precursor. The gold particles in the fresh catalyst
had a crystallite size of 37 nm, whereas the size of the gold crystallites in the activated
catalyst decreased to 9 nm. This shows that redispersion occurred during the activation step
[89].

The simple impregnation of oxide supports with aqueous solutions of HAUCI, is
considered to be an inappropriate path to achieve highly active catalyst. This method results
in the formation of large and therefore catalytically inactive gold particles after thermal
treatment. Such large particles arise from the too high amount of chlorine residues present in
the solids after impregnation, which induce sintering of gold during the activation procedure
[90-92].

Among the procedures employed, the deposition-precipitation (DP) method allowed
the production of small gold particles and highly active gold catalysts in the extensively
studied CO oxidation and WGS reactions [84-86]. An important requirement is that the
support materials should have high specific surface area, preferably larger than 50 m?/g. The
DP method enables selective deposition of Au(OH)s; only on the surfaces of the support
without precipitation in the liquid phase. Due to the amphoteric properties of Au(OH)s, the
pH of aqueous HAuUCI, solution (used as precursor of gold) is adjusted at fixed point in the
range of values between 6 and 10 at temperature 50 — 90°C. This method, however, is not
applicable to metal oxides with isoelectric points (IEP) below 5 [84-86]. Highly dispersed
gold nanoparticles (2 — 5 nm) cannot be deposited on SiO; (IEP = 2 [93]), SiO,-Al,0; (IEP =
1 [93]), WO3 (IEP << 3 [93]) or Nb,Os (IEP = 4.1 [93]). The difficulty arises from the
tendency of the gold hydroxide species toward agglomeration because of weak interaction of

the anionic complex [Au(OH)xCl4.x]” with the negatively charged surfaces of oxides with low
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IEPs [94]. Especially in solution phase, this weak interaction of gold precursor species with
the oxide support surfaces is accompanied by a redox reaction under basic conditions [95].
The reduced gold nanoparticles provide the “catalytic” seeds for the uncontrolled aggregation
of the gold species.

To overcome the weak interaction of gold species with oxide surfaces having low
IEPs, equilibrium adsorption of cationic gold precursor, such as [Au(en),]**, has been used to
deposit gold on HogNao Y zeolite [96,97] and silica [98-100]. The adsorption mechanism of
the [Au(en),]*" ions involves deprotonated surface hydroxyl groups as anchoring sites [96-
100]. The extent of deprotonation depends on the pH of the solution and determines the gold
uptake. Maximum gold loading on silica has been achieved at pH = 10.5 resulting in metal
particle size of 1.5 — 3.8 nm [98,100].

The analysis of synthetic conditions for the preparation of highly dispersed gold
catalysts leads to the conclusion that the best strategy for the design of gold catalysts
supported on tungstated zirconia is to use adsorption of cationic gold precursor.

3.1. Characterization of [Au(en),]Cl; precursor solutions

According to Block and Bailar [69] the positive charge density of Au(lll) can enhance
the acidity of the ethylenediamine ligand (en) and the proton of the amine group can be easily
deprotonated under basic conditions. This conclusion is supported by the fact that in the
titration of [Au(en);]Cls with dilute NaOH solution, one equivalent of NaOH was consumed
per gold atom, and the solution changed from colorless to yellow above pH of 8 [99,69].
Based on this result Block and Bailer [69] and Zhu et al. [99] concluded that the [Au(en)z]**

ion undergoes deprotonation under basic conditions as follows:

[Au(en),]*" + OH™ — [Au(en)(NH,CH,CH,NH™)]** + H,0

Fig. 1 shows the DR-UV-vis spectrum of the solid [Au(en),]Cls. The strong band with
maximum at 302 nm is assigned to the ligand-to-metal charge transfer transition [101,102].
The high intensity of the band suggests that this signal cannot be attributed to the symmetry
forbidden d-d transitions [101,102]. The synthesized [Au(en),;]Cl; sample was characterized
by Raman spectroscopy (Fig. 2). The observed spectrum agrees with that reported by Zanella
et al. [98] for the same complex. The bands at 1322 and 1205 cm* correspond to the v(C—N)

stretching modes. The weak signals between 1000 and 800 cm ™ are characteristic to the NH,
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wagging and bending vibrations. The group of bands at 476, 343 and 292 cm™* is attributed to
Au-N stretching modes. The signal at 520 cm™ belongs to the silicon wafer used for

recording the spectrum.
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Fig. 2. Raman spectrum of [Au(en),]Cls. (the signal marked by asterisk belongs to the
Si wafer used for recording the spectrum)
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The behavior of the [Au(en),]Cl; precursor solutions at different pH values has been
studied and the obtained spectra were compared with those reported by Zhu et al. [99]. Fig. 3
shows that with the increase of the pH from 5.5 to 12.5 a new band at 330 nm appears at
lower values of pH which grows in intensity and shifts to approximately 302 nm at pH
between 9.6 and 12.5. At the same time the solution changes from colorless to yellow. The
appearance of a band at 330 nm is associated with the change of the geometry of [Au(en),]**
ion from square planar to pseudo-octahedral due to the formation of axial dative bond with
the OH- ions [99,102,103]. The high-energy shift of the absorption from 330 to 302 nm is
caused by the formation of the yellow [Au(en)(en”)L]" ion (en” = H;NCH,CH,NH™ and L =
ClI” or OH") [99,104]. Chloride ions could be further replaced by hydroxyl groups with
increase in the pH. The absorption at 330 nm could be attributed to a d-d transition in a weak
ligand field. The spectra shown in Fig. 3 agree well with those reported in the literature [99]
and indicate that one hydrogen atom from the [Au(en),]** complex is removed above pH of
8.0 [69,99]. The concentration of the deprotonated gold complex increases with the pH which
is evident from the increase in the intensities of the absorption bands. It becomes the
dominant species at pH higher than 8. The deprotonated [Au(en)(en”)L]" complex at pH = 9.6
has been chosen as precursor for the deposition of gold on the tungstated zirconia because it is
expected that the surface concentration of (M—O") groups (M = Zr, W) to increase with the

pH of the deposition solution.
3. 2. Structural characterization

According to the XRD data (Fig. 4) all of the samples studied (except Au/SWZ-1) have
the structure of tetragonal zirconia (ICDD Cart No 04-005-4479). The Au/5WZ-I sample

contains small amount of monoclinic zirconia (ICDD Cart No 00-013-030).

With increase in the tungsten loading, the analytical content of gold increases (Table
1). It is well known that tungstated zirconia contains acidic protons and their amount
increases with the surface density of the WO, species [67,70,71-74,105]. It is reasonable to
propose that as higher the concentration of acidic hydroxyls on the support surface as larger
the amount of deprotonated M-O~ surface sites (M = W and Zr) thus leading to greater
number of anchoring sites for the [Au(en),]** complex resulting in higher surface

concentration of gold. The average size of gold particles, calculated by using Scherrer

18



equation and the main gold diffraction line of 20 = 38.2° (ICDD Cart No 00-004-0784),

increases with the W content (Table 1).

The basic medium used for the [Au(en),]*" adsorption caused some leaching of WO,
species only in the case of Au/12WZ-1 and Au/20WZ-1 samples. After the deposition of gold,
the tungsten loss amounts to 0.20+0.05 and 0.61+0.02 wt % of WOg3 for Au/12WZ-1 and

AuU/20WZ-1, respectively.

Table 1. Sample notation, BET surface areas, nominal tungsten and analytical gold contents

Sample SgeT WO, W* Au loading Au loading Au particle
(m¥g) | (wt%) | (at/nm?) (Wt %) (at %) size (nm)**
Au/Zr0, 143 - - 1.43+0.03 0.30 8
Au/5SWZ-1 116 5.0 1.2 1.27+0.01 0.27 8
Au/12WZ-| 115 11.8 3.0 1.83+0.01 0.40 9
Au/20WZ-| 140 19.4 4.5 2.06+0.03 0.44 10
Au/18WZ-CP 118 18.0 4.8 2.27+0.01 0.48 10

*The W surface density is calculated based on the weight of zirconia; **According to XRD
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Fig. 3. UV-vis spectra of aqueous solutions of [Au(en),]Cl; (10—4 M) at different pH values:
5.5 (a); 6.0 (b); 7.0 (c); 8.0 (d); 9.6 (e); 11.0 (f); 11.5 (g); 12.0 (h); i (12.5).
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3.3. DR-UV-vis spectra

Fig. 5 compares the optical spectra of the samples studied. The absorption band at 293
— 270 nm with a shoulder at 260 nm observed in the spectra of the Au-free samples (Fig. 5,
spectra (a)) corresponds to LMCT (0> —W?®") transition in oligomeric WOy species with
different degree of polymerization [68,71-75]. The introduction of gold causes drastic change
in the optical spectra (Fig. 5 spectra (b)). The broad absorption with maximum at 550 nm
observed on the gold-containing samples is characteristic of the plasmonic oscillation mode of
nanosized gold particles [98,106,107]. The strong band at 270 — 293 nm has disappeared and
weak signals at 225 — 230 and 260 — 275 nm are observed instead. Based on the spectrum of
Au/ZrO, sample (Fig. 5A, spectrum (c)), the former band is attributed to the O —Zr*" CT
transition. The spectra of the Au-containing samples indicate that gold hinders the detection
of LMCT transitions. Due to the high absorption coefficient of gold particles [108], they mask
the absorption peaks of support. Consequently, the fundamental bands of tungstated zirconia

are detected with significantly lower intensities.
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Fig.5. Panel A: Optical spectra of powder samples, 18WZ-CP (a), Au/18WZ-CP (b) and
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3.4. XPS analysis

The results of XPS analysis for all samples are summarized in Table 2. Binding energy
of Au4f;; is around 82.8-83.5eV which, in agreement with the literature data on Au/ZrO,
catalysts [79,109,110-112], is assigned to metallic gold. The full width at half maximum
(FWHM) of Au 4f photoelectron line decreases with increasing the WO3 content. This is a
sign of more uniform distribution of Au particles on the W-modified sample surfaces most
likely due to the increased gold uptake. The reason for the formation of metallic gold without
additional reduction step is the low thermal stability of the [Au(en).]*" precursor complex
when adsorbed on oxide surfaces [97,98,113]. The initial color of the samples was light
yellow, however, during the drying at 80°C the samples became gray-black. For example the
change in the color was faster for Au/SWZ-I than for the Au/ZrO, sample. Because both
samples have comparable gold loadings it can be suggested that higher W content assists in

the decomposition of gold precursor complex.

Au 4f 831 | W 4f + Zr 4p |2r 3d 18256

b Au/12WZ-|
182.1

Au/12WZ-| . Au/12WZ-|

Intensity (a.u.)

82.8 . 7]

AU/SWZ-| AU/SWZ-I

Au/SWZ-|
—T—

90 88 86 84 82 80 4038363432302826 190 185 180 175
Binding Energy (eV)

Fig. 6. XP spectra of the Au/5WZ-I and Au/12WZ-1 samples showing the Au 4f, W 4f
+ Zr 4p and Zr 3d regions.
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Since the XRD data provide information about the size of large gold clusters (larger
than 5 nm [114]), the size of the gold particles was estimated by XPS intensity ratios using the
model proposed by Kerkhof and Moulijn [82]. This model is based on the metal loading and
specific surface area of the catalysts and is useful for the characterization of very small metal
particles [114]. The average particle size calculated from XPS for all gold containing samples
is around 3 nm. These results indicate that large (8 — 10 nm) and small (~ 3 nm) gold particles
are present on the surfaces of the samples prepared by cationic adsorption of the [Au(en),]**

precursor.

Table 2. Binding energies, surface composition and gold particle size for the samples

Sample O1s Zr3ds), W4t Audfy, Au
particle

BE, eV at BE, at BE, | at BE, | at% | FWHM* size,

% eV % eV % eV nm

Au/ZrO, 530.2 65.2 | 1825 34.6 - 82.8 0.2 2.03 2.6

Au/5SWZ-1 530.0 63.3 | 1821 35.3 351 | 12 | 828 0.2 1.87 2.9

Au/12WZ-| 5305 | 635 | 1826 | 339 | 358 | 23 | 83.0 | 03 1.88 2.8

Au/20WZ-| 530.6 | 63.0 | 1826 | 330 | 359 | 3.7 | 834 | 03 171 3.1

Au/18WZ-CP 5304 | 647 | 1829 | 324 | 363 | 26 | 835 | 03 1.68 33

*FWHM for the Au 4f;, of metallic gold is 1.18 eV

The spectra of the samples (fig. 6) in the W 4f region contain intense doublet with W
4f,;, line at 35.1 — 36.3 eV corresponding to W®* [76,105]. The Zr 3d photoelectron line for
all Au catalysts exhibits peak for Zr 3ds/, at 182.0 — 182.9 eV, close to that observed for zr*
ions [79,105,110,112,115-117]. Fig. 7 shows that the W/Zr surface ratios for the gold
catalysts supported on tungstated zirconia prepared by impregnation increases linearly as a
function of the tungsten content. This suggests that the dispersion of the WOy species on the
surface of the gold catalysts is uniform [73,76]. For the Au/WZ-CP sample the calculated
W/Zr surface atomic ratio deviates from the established linear dependence. It has been shown
that all tungsten is located on the surface when tungstated zirconia was prepared by
impregnation whereas using co-precipitation results in incorporation of W atoms into ZrO,

lattice, stabilizing the tetragonal structure [70,105].
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In the O 1s XPS region an intensive peak at ~530.4 eV is observed for all investigated
catalysts. Small asymmetry at higher binding energy side is detected too. This second peak
can be related to the existence of O™ ions [118]. This suggests the presence in the subsurface
of oxygen ions that bear lower electron density than the “O% ™ ions; formally these oxide ions
could be described as “O™ species. They could be associated with sites having higher
covalence of the M—O bonds and smaller coordination number of oxygen ions than a regular
site. A reasonable hypothesis is to consider the existence, in variable proportions, of defects in

the subsurface.
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Fig.7. W/Zr surface ratios as a function of WO3; content in Au/XWZ-I (x = 0, 5, 12 and 20
wit% WOs3) (W) and Au/18WZ-CP samples (O).

The results in Table 2 show that the method of introduction of WO species to zirconia
(coprecipitation versus impregnation) does not affect the surface concentration of gold.
However, in agreement with the chemical analysis, the amount of gold on the surface

increases with the WOj3 loading.
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3.5. In situ FT-IR spectroscopy

3.5.1. FT-IR spectra of the activated samples

Fig. 8 compares the spectra of the activated Au-free and Au-containing XWZ-I
samples. In the OH stretching region all samples of tungstated zirconia contain a band at 3640
— 3635 cm * which is attributed to W—OH groups [74]. The broad absorption at approximately
3445 cm™ indicates the presence of H-bonded hydroxyls. The spectra in the fundamental
W=0 stretching region show a sharp band at 1008 — 1002 cm™ typical of W=0 species
[71,73-75]. The deposition of gold does not cause perturbation of the W=0 band. However,
compared to the xWZ-1 supports, all Au-containing samples display bands in the OH
stretching region with lower intensities. This is associated with the involvement of the surface

hydroxyls of W-containing supports in the deposition process of gold precursor.

Absorbance
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Fig. 8. FT-IR spectra of the activated samples.
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3.5.2. Adsorption of CO at room temperature

The analysis of the FT-IR spectra of CO (99.95%, BOS) adsorbed at room temperature
on the samples can be very useful to obtain qualitative information on the nature of supported
gold species. Fig. 9A displays the FT-IR spectra in the carbonyl region of CO (10 Torr)
adsorbed on the zirconia samples obtained after the calcination at 600°C of hydrated zirconias
prepared by procedures 1 and 2. The figure shows also the spectra of CO adsorbed on the
calcined supports prepared by impregnating the HZ-1 precursor with AMT solution and by
coprecipitation. As mentioned above, the samples of zirconia obtained using as precursors
hydrated zirconias HZ-1 and HZ-2 crystallize after the calcination at 600°C in monoclinic and
tetragonal structure, respectively. A strong band at 2196 cm™ with a poorly resolved shoulder
IS observed in the spectrum of CO adsorbed on monoclinic zirconia (Fig. 9A) which
corresponds to two types of Zr**—-CO carbonyls [71,74,77,106,119-122]. For the pure
tetragonal zirconia sample the CO adsorption yields also one asymmetric band at 2194 cm™
with shoulder at around 2188 cm™ which are ascribed to two types of Lewis acid sites
[77,123]. The spectra clearly show that the population of the coordinatively unsaturated (cus)
Zr** sites on monoclinic zirconia is larger than on the tetragonal zirconia. This experimental
fact is in agreement with the results of Morterra and coworkers [77] who concluded that
morphological and structural reasons are responsible for the different concentration of (cus)
Zr** sites on the surfaces of the two crystallographic modifications of zirconia. Compared to
the m-ZrO,, the tungstated samples prepared from the HZ-1 precursor are characterized by
lower intensity of the Zr**~CO band (Fig. 9B) due to saturation of coordinative positions of
Zr*" ions in the surface layer by the WO, species. The intensity of the Zr**~CO band
decreases gradually with increase in the tungsten loading. The high-frequency shift of the
carbonyl band exhibited in the WOy-containing zirconia samples is associated with the
increased acidity of the (cus) Zr** sites caused by the electron-withdrawing WO, groups
[71,74]. The intensity of the Zr**~CO band in all xWZ-1 samples (having a tetragonal
structure) is significantly higher than that in the pure tetragonal zirconia. This difference can
be ascribed to the application of two different procedures for the preparation of the hydrated
zirconia used as precursor leading to different morphology of the t-ZrO, and xXWZ-1 samples,
I.e. different size and shape of the particles, and different amounts of structural defects. In
addition, the acidity of the (cus) Zr** ions located in the proximity of the WO, domains is
enhanced resulting in increased amount of (cus) Zr*" ions detectable by CO adsorption at

room temperature.
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Fig. 9. FT-IR spectra of CO (10 Torr) adsorbed at room temperature on the samples studied. (t:
tetragonal; m: monoclinic)

As with the Au-free materials, the absorption at 2195 — 2198 cm™ observed for all Au-
promoted samples is assigned to CO adsorbed on Zr** surface sites (Fig. 9C). The intensity of
the Zr**~CO band in the W-containing samples decreases after the deposition of gold
(compare with Fig. 9B) indicating that there are gold nanoparticles located on the zirconia
surface. Lower concentration of the (cus) Zr*" ions has been detected also on the surface of
Au/ZrO, sample as compared with the Au-free tetragonal zirconia. According to data from the
literature [97,106,119-121,124-128] the absorption with maximum at 2113 — 2116 cm * is
assigned to CO adsorbed on small three-dimensional gold clusters, whereas the shoulder at
2128 — 2135 cm* is usually attributed to Au®*—CO species (CO adsorbed on gold clusters
with partial positive charge). Formation of positively polarized gold on ZrO, is assumed to be
caused by the presence of adsorbed oxygen on the gold particles or their interaction with the
support [106,119,120,124]. Hadjiivanov and coworkers [129,130] proposed that the
absorption in the 2155 — 2130 cm™ region could be attributed also to Au*—CO species in

which the Au® cation resides on the metallic gold particles. It should be noted that the last

28



activation step of the investigated samples consisted of evacuation at 400°C and adsorbed
oxygen cannot be expected under these conditions. Moreover, after the reduction of the
samples at 400°C with CO, the absorption at 2128 — 2135 cm ! is still present in the spectra of
CO adsorbed at room temperature. Recently, absorption band at 2130 — 2140 cm ™ observed
during the CO adsorption on Au/Nb,Os has been attributed to CO coordinated to larger gold
nanoparticles [131]. Therefore, based on the latter interpretation the feature at 2128 — 2135
cm* (Fig. 9C) is assigned tentatively to CO coordinated to larger gold nanoparticles. This
proposition is supported by the estimates of gold particle sizes from XRD and XPS data
showing that the samples have at least two fractions of crystallites, large (~8 — 10 nm) and
small (~3 nm). For convenience, the absorptions at 2128 — 2135 cm™ and 2113 — 2116 cm™
are denoted as high-frequency (HF) and low-frequency (LF) gold carbonyls, respectively. The
bands corresponding to the Zr**~CO and Au—CO species are removed upon dynamic

evacuation at room temperature.

According to the chemical analysis the Au loading on Au/ZrO, and Au/5WZ-I
samples is very close, 1.43 and 1.27 wt %, respectively. However, the intensities of the bands
due to CO adsorbed on the gold sites are higher for the W-containing sample (Fig. 9C)
suggesting higher gold dispersion. Using the same arguments (Au loading and intensities of
the Au carbonyl bands), better gold dispersion can be deduced for the Au/20WZ-I (2.06 wt%
Au) when compared with the Au/18WZ-CP sample (2.27 wt% Au). The spectra of CO
adsorbed on the Au-free supports show that the amount of (cus) Zr*" ions is higher on the
5WZ-I sample than on t-ZrO,. Likewise, the surface concentration of (cus) Zr*" ions on the
20WZ-1 sample is higher than that on the 18WZ-CP sample. It can be proposed that the
dispersion of gold depends on the amount of (cus) Zr*" ions. This assumption can be
supported by the results of Chen and Goodman [132] who showed by using HREELS and CO

adsorption that Au bonds directly to coordinatively unsaturated Ti atom on TiO, (110).

For the Au/xWZ-1 sample series, the increase in the intensities of Au carbonyl bands
with the amount of tungsten is associated with the increase in the Au loading. According to
the results of curve fitting of the gold carbonyl bands (Table 3), the fraction of larger gold
particles giving rise to the HF carbonyl band increases with the W loading by larger extent
than the fraction of the smaller gold particles characterized by the LF carbonyl band. This
experimental fact could be explained by the assumption that in the case of W-containing

samples the gold particles formed during the calcination occupy preferentially the WO-free
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zirconia surface. The modification of zirconia by tungsten facilitates the gold uptake but at the
same time causes decrease in the concentration of (cus) Zr** ions. The decrease in the amount

of nucleation sites for gold particles with increase in the W loading lowers the dispersion.

Table 3. Integrated areas of the gold carbonyl bands recorded at room temperature and
Pco=10 Torr (see Fig. 8)

Sample HF Band* lue LF Band** (cm™ | I Iue/l e
(cm™) (a.u.) Y (a.u.)

AU/ZrO, 2128 0.78 2113 0.97 0.80

Au/5SWZ-I 2132 1.28 2115 1.35 0.95

Au/12WZ-I| 2136 1.79 2116 1.38 1.30

Au/20WZ-I| 2136 2.66 2116 1.53 1.74

Au/18WZ-CP 2134 0.84 2115 0.73 1.15

*HF band corresponds to CO adsorbed on large Au particles;

**_F band corresponds to CO adsorbed on small gold particles.

3.5.3. In situ FT-IR spectroscopic investigation of the NO+O,+C;Hg
reaction on the surface of gold catalysts supported on zirconia and

tungstated zirconia

In order to evaluate the potential of a new material as catalyst in the process of SCR of
NO, it is important to investigate the interaction of the reactants (C3Hs, O, and NO) with the

catalyst surface.
3.5.3.1. NO+O» surface reaction

Solid Brensted acids, such as WO3/ZrO, (~19 % WOQO3), catalyze the oxidation of NO
by molecular oxygen even at room temperature [31]. Fig. 10 shows the spectrum of the gas
phase detected at room temperature after 20 min of the admission of a (10 Torr NO (99.9%,
Air Products)+25 Torr Oy) gas mixture to the IR cell containing Au/ZrO, sample. Gaseous
NO, (band at 1617 cm™!) and N,O,4 (bands at 1758 and 1264 cm™') are formed by the reaction
of NO with O3 in the gas phase (2NO + O, = 2NO,/N,04). The exposure of the Au/12WZ-I
sample at room temperature to the same gas mixture (Fig. 10) leads to strong increase in the
amounts of NO, and N,O,, which shows that the tungstated zirconia promotes the oxidation
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of NO at room temperature. In this process W®" ions are involved [31]. The produced gaseous
NO, and N,O4 adsorb on oxide surfaces with the participation of Lewis acid — base pairs

giving rise to surface nitrates and NO* species [31,133,134].
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Fig. 10. Gas phase spectra recorded at room temperature after 20 min of the admission of a
(10 Torr NO+25 Torr O,) mixture to the IR cell containing Au/ZrO, and Au/12WZ-I samples.

In general, the mechanism of SCR of NOy on various oxide catalysts involves the
interaction of strongly adsorbed NO,~ species (x = 2, 3) with the reducer [17,48,52,135-137].
Therefore we studied the thermal stability of NOy species adsorbed on the catalyst surfaces.
The obtained results are illustrated with the spectra of the Au/ZrO,, Au/12WZ-1, Au/18WZ-
CP and 18WZ-CP samples (Fig. 11). NOy species on the surface of the samples were created
by adsorption of a (10 Torr NO + 25 Torr O,) mixture at room temperature followed by
evacuation for 20 min at the same temperature (Fig. 11A-11D, spectra (a)). The absorption
bands in the 1700 — 1000 cm™ range are typical of surface nitrates observed on zirconia and
tungstated zirconia [31,136,137] and are identified as monodentate (1585 — 1580 and 1275
cm™) and bidentate (1630 — 1625 and 1230 — 1219 cm™) NO5~ species. The broad absorption
centered at 2180 — 2140 cm™! is characteristic of NO* species [31,136,137]. The spectra
clearly show that the intensities of the nitrate bands decreases with increase in the W loading.
The modification of zirconia with WOy species causes lowering of the basicity of the surface

O% ions which leads to decrease in the amount of surface nitrates formed. Heating the
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isolated IR cell in the 100 — 300°C temperature range, leads to gradual decrease in the
intensities of the nitrate bands. The spectra of the gas phase (Fig. 11A’-11D’) show that the

major product of decomposition of the surface nitrates is NO,.

There are reports in the literature [130,138], showing that a mixture of NO+O, can
cause oxidation of supported metallic gold particles to cationic gold species and this process
can occur at room temperature. In order to find the effect of co-adsorption of NO+O, mixture
on the oxidation state of gold, we investigated the adsorption of CO on the samples containing
pre-adsorbed NOy species. It is well known that the spectral features of adsorbed CO can
provide information about the oxidation state of the adsorption site [125]. The results are
illustrated with the spectra of the Au/18WZ-CP sample. Surface nitrate species (absorption
bands between 1700 and 1000 cm ™) were generated by bringing in contact the Au/18WZ-CP
sample with a mixture of 10 Torr of NO and 25 Torr of O, for 10 min at room temperature
followed by evacuation at the same temperature for 20 min (Fig. 12, spectrum (a)). To the
sample treated in this way, 10 Torr of CO were added. The spectrum detected at room
temperature after 5 min contains a strong band with maximum at 2185 cm™* (Fig. 12,
spectrum (b)). The intensity of this signal increases significantly after 10 min of contact with
the CO (Fig. 12, spectrum (c)). Weak absorption at 2130 cm ' is observed as well whose
intensity increases in parallel with the main band at 2185 cm . The latter signal falls in the
range of reported v(CO) stretching vibrations of Au*—CO species (2197 — 2160 cm™
[125,129,130,138-141]). However, the increase in the intensity of the band at 2185 cm™
during the contact with CO contradicts the observed instability of the Au*™—CO species in CO
atmosphere [138-141] due to reduction of Au® adsorption sites by CO.
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Fig. 12. FT-IR spectra of the Au/18WZ-CP catalyst collected after the adsorption of a (10
Torr NO + 25 Torr O,) mixture for 10 min at room temperature followed by evacuation for 20
min at room temperature (a) and adsorption of 10 Torr CO at room temperature for 5 min (b)
and 10 min (c).
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Fig. 13. FT-IR spectra of the Au/18WZ-CP sample collected after the adsorption of a (10 Torr
NO + 25 Torr O,) mixture for 30 min at 300°C followed by dynamic evacuation from 200°C
to room temperature and subsequent adsorption of 10 Torr of CO for 10 min (a), evacuation
for 15 min at room temperature (b), 50°C (c) and 100°C (d).
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In order to ensure more efficient oxidation of gold, the catalyst pellet was treated with
a (10 Torr NO + 25 Torr O,) mixture at 300°C for 30 min. Then the temperature was lowered
to 200°C and the gas mixture was removed from the IR cell upon dynamic evacuation while
cooling to room temperature. Subsequent adsorption of CO (10 Torr) at room temperature
results in the formation of weak absorption bands at 2190 and 2165 cm™ (Fig. 13, spectrum
(@)). The spectrum in the nitrate region (not shown) displays the same set of nitrate bands as
shown in Fig. 11A, although with weaker intensity. The band at 2190 cm™ resists the
evacuation at room temperature (Fig. 13, spectrum (b)) and disappears upon out-gassing at
100°C (Fig. 13, spectrum (d)). The observed behavior of the absorption at 2190 cm™ is
typical of Au’™—CO species [125]. The CO adsorbed on Au® sites is stabilized by the
synergism between the 8-dative and m back-bonding components of the Au’—CO bond
[125,129,130,138] and the carbonyl complex can be destroyed at temperature higher than
25°C. The absorption at 2165 cm™ disappears upon evacuation at room temperature (Fig. 13,
spectrum (b)) and could be attributed to Au®*~CO species or CO adsorbed on large gold
particles. This band is found at higher frequency than the corresponding band observed on the
activated Au/18WZ-CP sample (see Fig. 9C) indicating that either the Au®* sites bear a
greater positive charge or there is agglomeration of the gold particles after the high-
temperature treatment with NO+O, mixture. It is likely that the species giving rise to the band
at 2165 cm™ could be Au* adsorption sites dispersed on the surface of metallic gold particles
as proposed in [129,130].

Spectrum (a) in Fig. 13 differs from the spectrum of adsorbed CO on the sample
treated with NO+O, mixture at room temperature (Fig. 12, spectrum (c)). It seems that the
oxidation of gold particles by the NO+O, mixture takes place at higher temperature (300°C)
and the absorption band at 2185 cm ™ detected during the CO adsorption on the sample treated
with NO+O, mixture at room temperature (Fig. 12, spectra (b) and (c)) cannot be ascribed to
Au’—CO species. This conclusion is supported also by the fact that the color of the Au/18WZ-
CP sample after the pre-treatment with NO+O, mixture at room temperature remained the
same as that of the activated sample, i.e. gray-black. However, the treatment with NO+O,
mixture at 300°C causes changes in the color of the sample from gray-black to pale-violet
(Au™).

Taking into account that the compounds adsorbed at room temperature on the
Au/18WZ-CP sample are CO and NOy species, it could be proposed that the strong band at
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2185 cm™ in Fig. 12 could be attributed to NCO species formed on metallic gold sites.
According to the literature [126,142,143] the Au—NCO species give rise to absorption band at
2180 — 2190 cm ™. In order to verify this assumption we performed *CO adsorption on the
sample treated with NO+O, mixture at room temperature (Fig. 14). The band at 2185 cm™* is
shifted down by 57 cm™ and is positioned at 2128 cm™* on *3C substitution. The observed Av
value is consistent with that reported by Celio et al. [144] for the isotopic shift detected on
substituting *C for *2C in NCO species adsorbed on Cu(100). From these results it can be
concluded that the weak absorption at about 2130 cm ™" in Fig. 12, spectrum (c) belongs to the
BCO satellite of the band at 2185 cm ™.
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Fig. 14. FT-IR spectra of 10 Torr of CO (a) and 10 Torr of **CO (b) adsorbed at room
temperature on the Au/18WZ-CP sample containing pre-adsorbed NOy species.

The behavior of the absorption at 2185 cm™ in the presence of water vapor can be
used as additional evidence supporting the assignment of this feature to Au—NCO species. It
is well known that the NCO species can react with water producing ammonia and CO,

through the formation of HNCO [145,146]. The species characterized by the absorption band
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at 2185 cm™ are generated by adsorption of CO (10 Torr, for 10 min) on the sample treated
with NO+0O, mixture at room temperature as described above and then the gaseous CO was
evacuated for 15 min (Fig. 15A, spectrum (a)). The addition of 0.1 Torr of water vapor at
room temperature causes significant decrease in the intensity of the band at 2185 cm™* (Fig.
15A, spectrum (b)) and appearance of CO, and HNCO (va(NCO) at 2266 cm™ [52]) in the
gas phase (Fig. 15B, spectrum (b)). The formation of the latter compounds confirms
unambiguously the assignment of the band at 2185 cm™ to Au—NCO species. Increasing the
temperature to 100°C results in further decrease in the amount of isocyanates (Fig. 15A,
spectrum (c)) and they disappear completely at 200°C (the spectrum is not shown). No
ammonia was detected in the gas phase most likely because of its low concentration and/or
adsorption on the catalyst surface. The sample spectra in the NH stretching region are noisy
and are not informative. The bending modes of coordinated ammonia and NH," ion fall in the
region of stretching vibrations of the nitrates and if formed, they cannot be resolved. It should
be noted that the adsorption of CO on the NOy-precoved 18WZ-CP sample does not lead to
the formation of NCO species which on oxides surfaces produce absorptions in the 2280 —
2200 cm™ region [126,137,142,143,147]. The absence of NCO species coordinated to the
support in the case of Au/18WZ-CP sample can be explained by unavailability of adsorption

sites which are blocked by the nitrate species.
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Fig. 15. Panel A: FT-IR spectra of the Au/18WZ-CP catalyst collected after the adsorption of (10 Torr
NO + 25 Torr O,) mixture for 10 min at room temperature followed by evacuation for 20 min at room
temperature, adsorption of 10 Torr CO at room temperature for 10 min and evacuation of the gaseous
CO for 15 min (a), and subsequent addition of 0.1 Torr of water vapor for 10 min at room temperature
(b) and 100°C (c). Panel B: Gas phase spectra corresponding to the sample spectra (b) and (c).
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The Au—NCO species observed on the Au/18WZ-CP sample are characterized by a high
thermal stability and they are removed by dynamic evacuation at 350°C (Fig. 16).

The NCO species are considered as reactive intermediates in the selective reduction of
NOy [17,36,48,58,126,148-151]. The spectra shown in Fig. 17 illustrate the reactivity of the
Au—NCO species generated on the Au/18WZ-CP sample toward NO,. The NCO species have
been obtained by adsorption of 10 Torr of CO on the NOy-precovered Au/18WZ-CP sample
followed by evacuation for 20 min at room temperature (Fig. 17, spectrum (a)). After the
admission of 0.4 Torr of NO, at room temperature (Fig. 17, spectrum (b)), the isolated IR cell
was heated between 25 and 250°C for 10 min at each temperature. The exposure of the
sample to NO; at room temperature (Fig. 17, spectrum (b)) causes strong decrease in the
intensity of the band at 2185 cm™ indicating that the NCO + NO, reaction takes place already
at 25°C. The surface concentration of the NCO species decreases rapidly with the temperature
and they disappear at 250°C (Fig. 17, spectrum (g)). The gas phase spectra (not shown)
contain CO, and NO; that has been taken in excess. As shown above, the Au—NCO species
have high thermal stability and leave the surface upon dynamic evacuation at 350°C (Fig. 16).
The generation of Au—NCO species by interaction of CO with adsorbed NOy species suggests
that Au supported on tungstated zirconia might be used as catalyst for the selective reduction
of NOy by CO.
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Fig. 16. FT-IR spectra of the Au/18WZ-CP catalyst collected after the adsorption of a (10 Torr NO +
25 Torr O,) mixture for 10 min at room temperature followed by evacuation for 20 min at room
temperature, then adsorption of 10 Torr CO at room temperature for 10 min and evacuation of the
gaseous CO for 15 min at various temperatures (RT = room temperature).
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Fig. 17. FT-IR spectra of the Au/18WZ-CP catalyst collected after the generation of the Au-NCO

species (a) (for the conditions see Fig.10, spectrum (RT)) and subsequent addition of 0.4 Torr of NO,
for 10 min at 25°C (b), 50°C (c), 100°C (d), 150°C (&), 200°C (f) and 250°C (g).
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The adsorption of CO on gold catalysts supported on tungstated zirconia obtained by
impregnation (Au/XWZ-1 samples, x =5, 12 and 20 wt % WO3) and containing pre-adsorbed
NOy species leads also to the formation of NCO species coordinated to gold particles. As with
the Au/18WZ-CP sample, surface nitrates on the Au/XWZ-I samples were created by
adsorption of mixture of 10 Torr NO and 25 Torr O, at RT for 10 min followed by evacuation
for 20 min at RT. Fig. 18 compares the FT-IR spectra obtained during the CO adsorption for
10 min at 50°C over the NOy-pretreated Au/XWZ-1 and Au/18WZ-CP samples. This
temperature has been chosen because under these conditions the Au—-NCO band at 2185 cm™
observed on all of the samples reaches maximum intensity. The spectra clearly show that the
intensities of the nitrate bands at 1625, 1583, 1275 and 1225 cm™ decreases with increase in
the W loading which is consistent with the reduced surface basicity. The lower intensity of the
Au-NCO band on the samples with higher tungsten content is associated with the decrease in

the gold dispersion.
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Fig. 18. FT-IR spectra of the samples collected after the adsorption of a (10 Torr NO + 25
Torr Oy) mixture for 10 min at room temperature followed by evacuation for 20 min at room
temperature and adsorption of 10 Torr CO at 50°C for 10 min.
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It is difficult to propose unambiguous mechanism for the formation of NCO species on
the gold-containing catalysts. Jugnet et al. [152] reported that CO undergoes
disproportionation on Au(110) surface at room temperature. We believe that this process is
also occurring on the Au/xXWZ-I samples. The produced carbon can interact with the surface

nitrates leading to the formation of NCO species attached to the gold sites.

3.5.3.2 Co-adsorption of C3Hg+O, mixture on the Au/ZrO, and Au/xWZ-I

catalysts at various temperatures

In this investigation we used the gold catalysts supported on tungstated zirconia
prepared by impregnation. In order to find information about the effect of tungsten, the
C3Hs+0;, reaction has been studied on the Au/ZrO, sample as well.

Fig. 19 shows the spectra in the 25 — 300°C temperature range obtained during the
contact of the Au/ZrO, and Au/xWZ-1 catalysts with a gas mixture containing 3 Torr of C3Hs
and 25 Torr of O,. The spectrum of the Au/ZrO, sample taken at room temperature (Fig. 19A,
spectrum (a)) contains absorptions at 1620 and 1453 cm* characteristic of adsorbed propene
[18,153]. Heating the closed IR cell at 150°C causes oxidation of the hydrocarbon leading to
formation of polydentate carbonates at 1445 and 1420 cm™ [154,155] and most likely HCO5~
species at 1610 and 1270 cm' [154,155]. Small amounts of adsorbed acetone at 1670
cm *[18,29,30,156-158] and most likely acetates at 1562 and 1368 cm* [18,29,30] are
detected as well. At 250°C the adsorbed acetone disappears and the predominant adsorbed
species are the acetates at 1562, 1445 and 1368 cm ', The experimental results lead to the
conclusion that the W-free Au/ZrO, sample catalyzes the deeper oxidation of propene. The

assignment of the absorption bands is given in Table 4.

The spectra of the Au/XWZ-I samples (Figs. 19B-19D) taken at room temperature
contain also bands at 1620, 1454 — 1450 and 1375 cm™* corresponding to adsorbed propene.
The weak absorption at 1090 cm™ detected in the spectrum of the Au/20WZ-I sample (Fig.
19D, spectrum (a)) indicates the presence of isopropoxy species which are produced by
interaction of propene with the surface OH groups [18,29,30,156,157,159-161]. The
absorption at 1540 cm™ (Fig. 19D, spectrum (a)) is best assigned to acetone enolate anion
[29]. Formation of partially oxidized hydrocarbons on the Au/20WZ-1 sample at room

temperature indicates that the activation of propene takes place easy on this material. Heating
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the closed IR cell at 150°C for 10 min (Figs. 19B-19D, spectra (b)), results in disappearance
of the adsorbed propene and bands corresponding to adsorbed acetone and acetate species are
observed for all of the Au/xWZ-1 samples. This result is in agreement with the fact that the
presence of Brensted acidity combined with redox sites [18,29,30] such as W=0O groups
facilitate the partial oxidation of propene. The amount of the adsorbed acetone increases with
the temperature being the highest on the Au/12WZ-1 and Au/20WZ-1 samples. The

assignment of the absorption bands is shown in Table 5.

Table 4. Assignments of the adsorption bands in the spectra observed during the high-

temperature adsorption of C3Hg + O, mixture on the Au/ZrO, catalyst.

Species Band position, cm™*t Vibration

CsHg (ads) 1620, 1453 v(C=C), 8,5(CHs)
polydentate CO5* 1445, 1420 Vas(CO,), v5(CO,)
Bidentate HCO,™ 1610, 1270 Va5(CO,), 3(OH)

Acetone (ads) 1670 v(C=0)

CH5COO"~ 1562, 1445, 1368 vas(CO0), v4(CO0), 3(CHs)
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Table 5. Assignments of the adsorption bands in the spectra observed during the high-

temperature adsorption of C3Hg + O, mixture on the Au/XWZ-I catalysts.

Species Band position, cm™ Vibration
Cs3Hg (ads) 1620 v(C=C)
1454-1450 Sas(CH3)
1375 ds(CH3)
Isopropoxide (two types) 1127, 1090 v(C-0)
Acetone enolate anion 1540 vas((0—C=C/0=C-C")
Acetone (ads) 1668 v(C=0)
1255 v(CCC)
CHsCOO 1610-1605, 1557-1547, 1535-1518 | v,4(CO0)
(three types) 1472-1470, 1445-1438, 1420-1410 | v{(COO)
1383-1375, 1358-1350 S(CHs)
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Fig. 19. FT-IR spectra collected during the exposure of the Au/ZrO, (Panel A), Au/5WZ-1 (Panel B),
Au/12WZ-1 (Panel C) and Au/20WZ-I (Panel D) catalysts to a (3 Torr C3Hg +25 Torr O,) mixture for
10 min at room temperature (a) followed by heating the isolated IR cell for 10 min 150°C (b), 200°C

(c), 250°C (d) and 300°C (e).

44



3.5.3.3. Reactivity of the surface species formed upon room-temperature adsorption of
NO+C3Hg+O, mixture on Au/XWZ-1 catalysts

It has been shown previously that the conversion of propene to acetone in the presence
of acidic catalyst is important step in the SCR of NOy by propene [18]. Therefore, here we
will describe the results of in situ FT-IR spectroscopic investigation of the NO,+C3Hg surface
reaction over the Au/12WZ-1 and Au/20WZ-I catalysts.

Fig. 20A shows the spectrum of the Au/12WZ-1 sample exposed to a gaseous mixture
containing 10 Torr NO + 3 Torr C3Hg + 25 Torr O, at room temperature for 15 min followed
by evacuation for 20 min (spectrum (a)). The broad absorption between 3550 and 3000 cm™
is typical of H-bonded hydroxyls and indicates that the oxidation of propene has occurred
already at room temperature. The weak bands at 3006 and 2990 cm™ are assigned to the
v(CH) and v¢(CH;) modes of adsorbed propene [18,153] while the absorptions at 2938 and
2875 cm™* are attributed to the vas(CH3) and vs(CH3) stretching vibrations of adsorbed
propene [18,153] and partially oxidized derivatives of the hydrocarbon [18,29,30,
156,157,159-161]. The bands in the 1800 — 1000 cm™* region differ from that observed upon
NO+0O, adsorption (see Fig. 11) which suggests that the presence of adsorbed propene and its
products of oxidation influence the mode of coordination of the nitrate species. The bands at
1654 and 1255 cm* are assigned to bridged nitrates whereas the bands at 1605, 1577 and
1278 cm™ are attributed to bidentate nitrates. The weak absorptions at 1138 and 1090 cm™
reveal the presence of isopropoxides and correspond to their v(C—O) modes [18,29,30,
156,157,159-161]. The unresolved absorption at 1680 cm™ belongs to the v(C=0) stretching
vibration of adsorbed acetone [18]. The fact that no partially oxidized hydrocarbon species
were observed at room temperature during the C3Hg+O, experiment (Fig. 19C, spectrum (a)),
indicates that the formation of surface nitrates and/or gaseous NO, during the room-

temperature adsorption of NO+C3Hg+0, mixture facilitates the activation of propene.

Heating the sample for 15 min at 100°C leads to the appearance of a shoulder at 1730
cm* which has been attributed previously [18] to the v(C=0) mode of adsorbed nitroacetone.
This compound is formed most likely by interaction of the isopropoxides with the NO3 /NO,
species. The appearance of weak bands at 1470, 1440, 1380 and 1350 cm* indicate the

formation of two types of acetate species [18,30,156-158]. The concentration of the surface
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nitrates has decreased and the amount of NO, evolved in the gas phase (Fig. 20B, spectrum
(b)) is much smaller than that produced in the absence of propene (Fig. 11C’, spectrum (b)).
Some amounts of N,O and CO, are formed as well. The presence of CO, in the gas phase
indicates that complete oxidation of propene takes place to some extent at 100°C. At 150°C
(Fig. 20, spectra (c)), the intensities of the nitrate bands at 1278 and 1255 cm* and the
amount of gaseous NO; decrease significantly. At the same time, there is increase in the
amounts of adsorbed nitroacetone (1730 cm™?), acetone (shoulder at 1680 cm ™) and acetates
(absorptions between 1500 and 1300 cm™'). The lowering of the concentrations of the
isopropoxides (1138 and 1090 cm™) and gaseous NO, indicates that they are involved in the
formation of the carbonyl compounds, which are further oxidized to acetates. The weak band
at 2182 cm* detected at 150°C is attributed to NCO species coordinated to gold particles
[126,142,143]. Increasing the temperature to 200°C leads to broadening of the Au—NCO band
and unresolved shoulder at ~2150 cm™ is observed. It can be proposed that the NCO species
coordinated to small and large gold particles produce v,(NCO) vibrations at different
frequencies. Assuming that the larger gold particles are less reactive, the low-frequency
Au-NCO band at 2150 cm™, which appears at higher temperature, can be attributed to NCO
species coordinated to larger metal clusters. The spectrum taken at 200°C indicates that the
amount of adsorbed nitroacetone decreased relative to that at 150°C. This leads to the
conclusion that the generation of Au—NCO species takes place through transformation of
nitroacetone. Allesandrini et al. [162] have shown that complexes of Pt(Il) and Pt(0) can
cause cleavage of a-nitroketones resulting in metal complexes containing fulminato and
carboxylato groups. The coordinated fulminato (CNO) species can undergo isomerization to
isocyanates (NCO). It can be proposed that Au particles are involved in a similar internal

redox process of nitroacetone resulting in Au—NCO species formation:

O\
\N ------ O\
H C‘ ’ B
2 \ JAu —> Au-NCO" + CH3COO™ + 2H* (1)
c—56"

o

The surface isocyanates react readily with NO+O, mixtures and/or NO; yielding
molecular nitrogen, N,O and CO, as reaction products [17,18,42,43,137,149,151,163,164].

This fact can account for the disappearance of the NCO species and strong decrease in the
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amount of surface nitrates (which are source of NO,) at 250°C. The spectrum detected at
300°C contains bands at 1535, 1440 and 1350 cm™ due to surface acetates and carbonates.
The carbonates are formed by readsorption of the CO, which is supported by the observed
lowering of its concentration in the gas phase at 300°C (Fig. 20B, spectrum (f)). The

assignment of the absorption bands is given in Table 6.

Fig. 21 shows the results of the reactivity of surface species formed upon room-
temperature adsorption of (NO+O,+C3Hg) mixture on the Au/20WZ-1 catalyst in the 25 —
250°C temperature range. The experimental conditions are the same as those for the Au
sample containing 12 wt % of WO3. The gas phase spectra and the band envelope in the 1800
— 1000 cm™ range at different temperatures (Fig. 21) are similar to those observed for the
AU/12WZ-1 sample. The assignment of the absorption bands is shown in Table 6. The

following differences should be noted:

1. The spectra in the v(OH) stretching region are practically unperturbed, which indicates
that complete oxidation of propene does not take place. This conclusion is supported
by the fact that CO, is detected in the gas phase at 200°C and higher temperatures
when the interaction between the surface nitrates, respectively activated NO,, and the
Au—-NCO species takes place.

2. The amount of isopropoxide species (observed at 1138 and 1090 cm™) formed at room
temperature is significantly larger on the sample containing 20 wt % WO3 than on the
AU/12WZ-| catalyst. In addition, the spectrum taken at room temperature (Fig. 21A,
spectrum (a)) shows the presence of nitroacetone. These observations are in agreement
with the conclusion made above that the high WO3 content facilitates the partial
oxidation of propene.

3. The surface nitrates of the Au/20WZ-I catalyst disappear at 200°C whereas in the case
of the Au/12W2Z-1 sample they vanish at 300°C.
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Fig. 20. Panel A: FT-IR spectra collected during the exposure of the Au/12WZ-1 catalyst to a (10 Torr
NO +3 Torr C3Hg+25 Torr O,) mixture at room temperature for 15 min followed by evacuation for 20
min (a) and heating the isolated IR cell for 15 min at 100°C (b), 150°C (c), 200°C (d), 250°C (e) and
300°C (f),. Panel B: gas phase spectra at 100°C (b), 150°C (c), 200°C (d), 250°C (e) and 300°C ().

48



o
) 2038
4w T
=} N CTEAAD
f N~ VXD
3 f;% : "
iy fiiio
g N\ R
2 7L AAA
o) s VIV L/
7 AAT
0 HE AV HEE
/o i E ;i
X LM S
o= 88’3
— a9
g ¥,/ .29
8 11385
—
T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200

Wavenumber (cm™)

co (B)

Absorbance
N 1 N N

T T y T y T y T y
2400 2200 2000 1800 1600 1400

Wavenumber (cm™)

Fig. 21. Panel A: FT-IR spectra collected during the exposure of the Au/20WZ-1 catalyst to a (10 Torr
NO +3 Torr C3Hg+25 Torr O,) mixture at room temperature for 15 min followed by evacuation for 20
min (a) and heating the isolated IR cell for 15 min at 100°C (b), 150°C (c), 200°C (d), 250°C (e),
300°C (f). Panel B: gas phase spectra at 100°C (b), 150°C (c), 200°C (d), 250°C (), 300°C (f).
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Table 6. Assignment of the absorption bands observed during the investigation of the
reactivity of surface species formed upon room-temperature adsorption of NO+C3Hg+O,
mixture on the Au/12WZ-I and Au/20WZ-1 samples in the 25 — 250°C temperature range.

Species Band position, cm™t Vibration

CsHe (ads) 3006-3003, 2990 V(CH), v¢(CH,)
2938-2930, 2875 Vas(CH3), v5(CHs)

Au’~NCO (two types) 2182, 2150 v.(NCO)

Isopropoxide 2938-2930, 2875 Vas(CH3), v5(CH,)

(two types) 1138, 1090 v(C-0)

Acetone (ads) 2938-2930, 2875 Vas(CH3), v5(CH3)
1680 v(C=0)

Nitroacetone (ads) 2938-2930, 2875 Vas(CH3), v4(CH3)
1730-1725 v(C=0)

Bridged NO;~ 1658-1654, 1255 V(N=0), v,(NO,)

Bidentate NO5~ 1610-1605, 1574 v(N=0)

(two types) 1278-1276 vas(NO,)

CH;COO™ 1470-1460, 1440-1422 v4(COO0)

(two types) 1385-1380, 1354-1350 8(CHs)

These differences suggest that the best candidate for catalyst for the C3Hg-SCR of NO

could be the Au/20WZ-1 sample. However, the catalyst efficiency for NOy reduction should

depend on the productivity of NCO species. The amount of NCO species produced on gold

catalysts based on tungstated zirconia could be influenced at least by two factors: the gold

dispersion and the ability of the catalyst to generate nitroacetone. Fig. 22 compares the
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intensities of the Au—-NCO bands detected at 200°C during the NO,+C3Hg surface reaction
over all gold catalysts supported on tungstated zirconia. The complex absorption between
2200 and 2100 cm™ reflects the presence of non-uniformity in the size of gold crystallites
which affects the spectral features of the Au—NCO species. As explained above, the increase
in the W content increases the gold uptake but at the same time causes decrease in the gold
dispersion. The spectra in Fig. 22 clearly show that the amount of Au—NCO species formed is
the highest on the Au/12WZ-1 catalyst. This sample combines better gold dispersion with
sufficient amount of Brensted acid sites necessary for the activation of propene to
hydrocarbon oxygenates leading to the formation of nitroacetone. It is concluded that among
the materials studied, the zirconia-based catalyst containing 1.8 wt % gold and 12 wt % WO3
(Au/12WZ-1) could be promising in the C3Hg-SCR of NO.
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Fig. 22. FT-IR spectra collected during the exposure of the samples to a (10 Torr NO +3 Torr
C3Hg+25 Torr Oy) mixture at room temperature for 15 min followed by evacuation for 20 min
and heating the isolated IR cell for 15 min at 200°C.
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Fig. 23 shows the development of the FT-IR spectra of the Au/12WZ-1 and 12WZ-I
samples in the 2300 — 1000 cm™ region obtained in the presence of a gaseous mixture of 10
Torr NO + 3 Torr C3Hg + 25 Torr O, upon heating for 10 min at various temperatures. For
both samples the predominant species observed at 100°C are the bridged nitrates at 1651 and
1275 cm*, and bidentate nitrates at 1605, 1577-1573 and 1236 cm ™. The signals at 1138 and
1090 cm™* reveal the presence of isopropoxide species, whereas the band at 1735 — 1730 cm™
belongs to adsorbed nitroacetone. The weak absorptions between 1500 and 1300 cm™
correspond to different vibrational modes of the oxygenated derivatives of propene. At 150°C
the amount of adsorbed nitroacetone increases significantly which is accompanied by
lowering of the concentration the surface nitrates and isopropoxides. The absorption at 1680
cm * clearly shows the formation of acetone as well. In the case of the Au-containing sample
(Fig. 23A) weak unresolved absorption is detected at 2202 and 2175 cm ' The latter
component corresponds to the v,(NCO) mode of NCO species coordinated to the gold
particles [126,142,143]. The position of the Au-NCO band at lower wavenumber (2175 cm ™)
as compared with that in Fig. 20 (2182 cm™) can be associated with the increased
concentration of the NCO species produced in the presence of C3sHg+NO+0O; gas mixture. The
maximum at 2202 cm* (Fig. 22A) is attributed to NCO species adsorbed on the support.
Most likely the corresponding isocyanates are attached to coordinatively unsaturated Zr**
ions. This assignment is supported by the fact that the v,(NCO) stretching vibration of the
complex ion [Zr(NCO)e]* is found at 2205 cm™ [165].

The concentration of the NCO species on the surface of the Au/12WZ-1 sample
reaches maximum at 250°C. This is accompanied by disappearance of the adsorbed
nitroacetone (1730 cm ™) and acetone (1680 cm ™) and increase in the amount of the surface
acetates with bands at 1555, 1534, 1450, 1425, 1380 and 1345 cm * (Fig. 23A). The NCO
species disappear at 350°C. This indicates that the isocyanates react with the NO3~ species or

activated NO, leading to disappearance of the surface nitrates.
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Fig. 23. FT-IR spectra of the Au/12WZ-1 (Panel A) and 12WZ-1 (Panel B) samples in the
2300 — 1000 cm™ region obtained in the presence of a gaseous mixture of 10 Torr NO + 3
Torr C3Hg + 25 Torr O, and upon heating for 10 min at various temperatures.

53



In contrast to the Au/12WZ-I sample, at 250°C nitroacetone and acetone are present on
the surface of the support 12WZ-1 (Fig. 23B). They disappear at 300°C as a result of their
further oxidation to acetates (bands at 1555, 1534, 1452, 1425, 1383 and 1345 cm™).
Formation of NCO species is not detected in the 100 — 350°C temperature range and surface
nitrates at 1605 and 1238 cm™ are observed at 350°C. This experimental fact suggests that the
Au particles play fundamental role in the formation of the NCO species as proposed by
reaction (1) and once formed on the metal particles they migrate on the support. In the case of
the support (12WZ-1 sample), the surface nitrates, respectively activated NO,, are involved
only in the formation of nitroacetone and acetone. The nitroketone undergoes thermal
transformation to acetates and NO, species at 200°C and above, while the acetone is oxidized
to acetates. This allows to conclude that the 12WZ-1 sample does not catalyze the SCR of

NOy with propene.
3.5.3.4. Adsorption of acetone and its interaction with NO, over the Au/12WZ-I catalyst

The experimental results show that nitroacetone appears to be the key intermediate
being the precursor of the NCO species. In order to confirm the assignment of the absorption
band at 1730- 1735 cm™ to adsorbed nitroacetone, we studied the adsorption of acetone and

its interaction with NO, at various temperatures.

The adsorption of 12.8 Torr of acetone on the Au/12WZ-I sample at room temperature
followed by evacuation for 10 min, produced the spectrum (a) in Fig. 24. The band at 1690
cm™! is characteristic of the v(C=0) stretching vibration of acetone coordinated to a Lewis
acid site [29,30,156-158]. The intensities of the bands at 1420, 1368, 1242 and 1170 cm™
decrease with the temperature simultaneously with the absorption at 1690 cm™. Based on this
behavior, all these bands are attributed to various vibrational modes of adsorbed acetone (see
Table 7). The bands at 1598 and 1443 cm™ correspond to the v4(COO) and vs(COO) modes
of acetate species, respectively. This experimental fact indicates that the Au/12WZ-I catalyst
is able to oxidize the adsorbed acetone already at room temperature. Heating the isolated IR
cell between 100 and 250°C for 10 min at each temperature (Fig. 24, spectra (b) to (e)) leads
to increase in the amount of the acetates (absorption bands at 1598, 1540, 1443, 1420, 1387
and 1315 cm™) at the expense of adsorbed acetone. The acetone disappears completely at
350°C (spectrum (g)). The latter heat treatment does not lead to complete removal of the
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acetates. Most likely the acetates are further oxidized to carbonates, which explains the

enhancement of the intensity of the band at 1443 cm™ observed at 350°C. The assignment of

the absorption bands is summarized in Table 7.
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Fig. 24. FT-IR spectra of acetone (12.8 Torr) adsorbed on the Au/12WZ-1 sample for 10 min
at room temperature followed by evacuation for 10 min (a) and after heating the isolated IR
cell for 10 min at 100°C (b), 150°C (c), 200°C (d), 250°C (e), 300°C (), and 350°C (g).
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Table 7. Assignments of the absorption bands in the spectra observed during the high-
temperature adsorption of acetone and its coadsorption with NO; on the Au/12WZ-I catalyst.

Species Band position, cm™* Vibration
Acetone (ads) 1690-1685 v(C=0)
1420-1417 8as(CH3)
1370-1368 5(CH;)
1242,1170 v,s(CCC), v(CCC)
Nitroacetone (ads) 1732 v(C=0)
1370 vs(NO,)
Bidentate NO;~ 1605, 1245 v(N=0), v.(NO;)
(two types) 1575, 1275 v(N=0), v4(NO,)
CH;COO™ 1598-1595, 1540-1535 | v,(COO)
(two types) 1444-1443, 1420 v,(CO0)
1387-1385, 1350-1315 | §(CH,)
NCO 2205, 2180, 2165 vas(NCO)
(three types of adsorption sites)

The spectra shown in Fig. 25A are obtained during the interaction of NO; in the 25 —
350°C temperature range with acetone adsorbed at room temperature on the surface of the
Au/12WZ-1 sample. The activated sample was left in contact with 12.8 Torr of acetone for 10
min at room temperature followed by evacuation for 10 min. Then to the IR cell 2 Torr of
NO, were added and the isolated IR cell containing gaseous NO, was heated between 25 and
350°C for 10 min at each temperature. The spectrum detected at room temperature (Fig. 25A,
spectrum (a)) contains bands at 1685 (v(C=0)), 1420 (5.(CHs)) and 1370 cm™" (85(CHa)) of
adsorbed acetone. The weak absorption at 1444 cm™' suggests formation of acetate species
and is attributed to the vs(COO) mode. The bands at 1605 and 1245 cm ', and at 1575 and
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1275 cm™ ' are due mainly to two types of bidentate nitrate species (v(N=0) and va(NO,)
modes). The increase in the temperature to 100°C (Fig. 25A, spectrum (b)) causes decrease in
the amounts of adsorbed acetone and nitrate species which is evident by lowering of the
intensities of the bands at 1685 and 1275 — 1245 cm™'. At 150°C (Fig. 25A, spectrum (c)) a
new band at 1732 cm ™' and a weak signal at 2180 cm ™' are detected. The gas phase spectrum
taken at 150°C (Fig. 25B, spectrum (c)) shows that there is a decrease in the concentration of
gaseous NO,. It can be concluded that the interaction between the acetone and nitrates species
(or activated NO,) leads to the formation of the compound giving rise to the absorption at
1732 cm'. This feature is best assigned to the v(C=0) mode of nitroacetone. The proposed
assignment is in agreement with the fact that nitroketones exhibit absorptions at 1730, 1560
and 1380 cm ' corresponding to the v(C=0), va(NO,) and vs(NO,) modes [166]. The
antisymmetric NO; stretching vibration of nitroacetone is covered by the nitrate band at 1575
cm ' and cannot be resolved. Another argument supporting the assignment of the absorption
at 1732 cm™' to nitroacetone is the absence of this signal in the spectra of acetone adsorbed
alone (Fig. 24). At 200°C (Fig. 25A, spectrum (d)) the intensity of the band at 2180 cm™'

increases simultaneously with the appearance of a shoulder at 2205 cm ™

. These absorptions
were assigned to NCO species coordinated to gold particles and cationic sites of the support.
The appearance of the surface isocyanates parallels the formation of nitroacetone and
confirms the suggestion made above that they are formed through the transformation of
nitroketone. The sample and gas phase spectra taken at 200°C (Fig. 25, spectra (d)) show also
that the concentrations of the nitrate species, respectively gaseous NO,, have decreased
significantly. This fact allows to conclude that the NCO species react with the surface nitrates
and/or NO; to dinitrogen. Small amount of N,O is formed as well (Fig. 25B). The surface
concentration of acetone decreases with the temperature as a result of its transformation to
nitroacetone. This process is dominant at 150°C (Fig. 25A, spectrum (c)). At 200°C the
acetone is oxidized mainly to acetate species which is evident by the increase in intensity of
the bands at 1444 and 1420 cm ™' corresponding to the v{(COO) modes of two types of
CH3COO™ species with v,(COO) stretching vibration located at ~1535 cm™'. At 250°C (Fig.
25A, spectrum (e)) the NCO species disappear simultaneously with the surface nitrates. Weak
absorption is detected at 2165 cm ' which was attributed to less reactive NCO species
coordinated to larger gold particles (see Fig. 22). The acetone and its nitro derivative are no
longer present in the spectrum and the gaseous NO, is almost completely consumed (Fig.

25B, spectrum (e)). The surface acetates are thermally stable and they practically do not
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undergo decomposition at 300 and 350°C. This is the reason for the absence of CO in the gas
phase. Table 7 shows the assignment of the absorptions bands in the spectra detected during

the adsorption of acetone and its coadsorption with NO, on the Au/12WZ-1 sample.
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Fig. 25. FT-IR spectra of adsorbed acetone (12.8 Torr) on the Au/12WZ-I catalyst for 10 min at room
temperature followed by evacuation for 10 min and addition of 2 Torr NO, (a) and after heating the
isolated IR cell for 10 min at 100°C (b), 150°C (c), 200°C (d), 250°C (e), 300°C (f), and 350°C (g).
Panel A is sample and panel B is gas phase.
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The obtained results represent strong evidence that the nitroacetone and its
transformation product, the NCO species, are the key intermediates in the SCR of NOy by
propene over the Au/12WZ-1 catalyst.

3.6. Catalytic activity

Fig. 26 shows the NO reduction activity of Au/ZrO, and Au/12WZ-| catalysts at
various temperatures. The NO conversion reaches 18% at 400°C over the Au/ZrO, catalyst.
The modification of zirconia by 12 wt % WOj; increases the activity to 26% and lowers the
temperature of maximum NO conversion by 50°C. The analysis of the reaction products
shows that the amounts of N,O and NO; are negligible small, which indicates that the
Au/12WZ-I catalyst is characterized by high selectivity. The obtained results are encouraging
and we believe that the performance of gold catalysts based on tungstated zirconia could be

improved by optimization of gold dispersion and catalyst composition.
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Fig. 26. Catalytic activity for NO reduction with propene over Au/ZrO, and Au/12WZ-I
catalysts. Reagent gas mixture: 1400 ppm of propene, 300 ppm of NO, 4 vol. % of O, in He;
WHSV = 30000 ml/g-h
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4. CONCLUSIONS

Gold catalysts supported on tungstated zirconia (containing 5 — 20 wt % WO3) can be
prepared by cationic adsorption from aqueous solution of [Au(en),]Cl; complex. According to
XRD and XPS data large (8 — 10 nm) and small (~ 3 nm) gold particles are present on the
catalyst surfaces.

The FT-IR spectra of adsorbed CO show the formation of two types of Au—CO bands,
at 2128 — 2135 cm™* (high-frequency band) and 2113 — 2116 cm™ (low-frequency band),
which are attributed to CO coordinated to large and small gold particles, respectively. It is
concluded that the gold particles occupy preferentially the WO -free zirconia surface and the
dispersion of gold depends on the amount of coodinatively unsaturated (cus) Zr** ions.
Modification of zirconia by WO3; increases the gold uptake but at the same time causes
decrease in the concentration of (cus) Zr** ions. Consequently, the fraction of large gold

particles increases.

The interaction of Au/ZrO, and Au/ZrO,-WO, samples with NO+O, gas mixture
shows that the W-containing samples promote the formation of NO, at room temperature. The
amount of the surface nitrates produced during the NO+O, co-adsorption decreases with
increase in the W loading due to lowering of the basicity of the surface O% ions. The major

product of decomposition of the adsorbed NO3™ species is NO..

Contrary to some reports in the literature, we have found that the treatment of gold
supported on tungstated zirconia with NO+O, mixture at room temperature does not cause
oxidation of the gold particles. However, the subsequent adsorption of CO on NOy-
precovered Au/ZrO,-WOx catalyst leads to the formation of NCO species coordinated to gold
particles. The generation of NCO species at low temperature offers the possibility for
development of low-temperature catalyst for selective reduction of NOy with CO. The NCO

species are considered to be reactive intermediates in this reaction.

The analysis of FT-IR spectra recorded during the oxidation of propene over the
Au/ZrO, catalyst indicates that this sample catalyzes the deeper oxidation of the hydrocarbon.
In the case of WOy-containing gold catalysts, the amount of partially oxidized hydrocarbons
produced during the C3Hg + O, reaction increases with increase in the tungsten content. This
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result is in agreement with the fact that the presence of Brensted acidity combined with redox

sites such as W=0 groups facilitate the partial oxidation of propene.

The results of detailed mechanistic investigation show that the activation of propene in
the presence of NOy species adsorbed on Au/ZrO,-WOx samples takes place at room
temperature producing surface isopropoxides. The interaction of the latter species with the
surface nitrate complexes leads to the formation of nitroacetone. It is proposed that at higher
temperature (150°C) the nitroacetone transforms through an internal redox process producing
NCO species and surface acetates. The fact that no surface isocyanates are observed over Au-
free ZrO,-WOy samples leads to the conclusion that this process is catalyzed by the gold
nanoparticles. The NCO species react with the NO3 /NO, surface complex formed by

oxidation of NO yielding molecular nitrogen, N,O and CO, as reaction products.

The amount of NCO species produced on the gold catalysts supported on tungstated
zirconia depends on the gold dispersion and it is the highest in the case of a catalyst
containing 1,8 wt % Au and 12 wt % WO3;. The modification of zirconia by 12 wt % of WO;
increases the activity of the gold catalyst in the reaction of selective NO reduction with
propene and lowers the temperature of maximum NO conversion by 50°C. The analysis of the
reaction products shows that the amounts of N,O and NO, are negligibly small, which

indicates that the catalyst is characterized by high selectivity.

The obtained results are encouraging and confirm the hypothesis that gold supported
on tungstated zirconia can act as a bifunctional catalyst in the selective reduction of NO by
propene. The WOy species facilitate the process of NO oxidation and ensure significant
amount of oxygenated derivatives of the hydrocarbon (nitroacetone), whereas the gold
particles play fundamental role in the conversion of nitroketone to NCO species, the reactive

intermediates of the reaction.
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