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Abstract

Pt, Pd and Rh supported on Al,03-Si0, and Al,03-ZrO,, prepared by adsorbing noble
metal ions from salt aqueous solutions on well-mixed supports, were characterized by XRD,
N, physisorption and FESEM, and studied for the simultaneous abatement of NO and N,O by
selective catalytic reduction in the presence of O, using CHy as reductant (SCRgiy,). To give a
better insight into the simultaneous process, the reactions related to SCR;m (SCRyo, SCRN20,
CH4 combustion), as well as the abatements in the absence of O, (CRgim, CRxo, CRN20), and
the N,O decomposition by itself and in the presence of O, and NO, were investigated. The
catalytic measurements were performed in a flow apparatus with GC analysis of reactants and
products.

Catalytic results showed that Pt,Pd,Rh/Al,053-Si0; and Pt,Pd,Rh/Al,0;-ZrO, are effective
catalysts for SCRg, above 400 °C from feeds containing O,/CH4 less than 1, yielding
complete NO and N,O conversions and complete selectivity to CO, and N,. At lower
temperatures, N,O and NO are unconverted and only the competitive CH4 combustion occurs.
Compared to the separate NO and N,O abatement reactions, a slight shift in activity towards
higher temperatures occurs in SCRg;jy,. Such a shift can be related to the possible formation of
strongly adsorbed NOy-like species formed in the presence of NO and competing with the
N,O adsorption sites. The poisoning effect of these species disappears above a threshold-like
temperature (about 300 °C), suggesting that above this temperature the high surface-O
mobility, guaranteeing a partial reduction of the noble metal ions by CHy, sustains the

reductive reactions of both NO and N,O.

Keywords: NOy and N,O simultaneous abatement with CHy; Pt,Pd,Rh supported on Al,Os-
Si0; or Al,03-ZrO,; SCR reactions; N,O decomposition



1. Introduction

Nitrogen oxides are formed in nitric acid and adipic acid production, fossil fuel power
plants and by the thermal oxidation of atmospheric nitrogen in internal combustion engines.
The main problem with nitric oxide, NO, is its toxicity especially in populated areas, while
nitrous oxide, N>O, is a particularly potent greenhouse gas [1]. Efforts have been made to
control these emissions by imposing legislation that limits the levels permitted. Since it is not
possible to prevent nitrogen oxides formation sufficiently to meet legislative limits, after-
treatment systems using heterogeneous catalysts have been successfully devoted to their
abatement [2-5]. These catalysts operate by decomposing NOy directly to N, and O, or
reducing NOy with e.g. NHs, H,, CO or CH4 to form predominantly N,, H,O and CO; [2,6-8].
CHy is a promising reducing agent for deNOy reactions due to a cheap and plentiful supply of
natural gas (predominantly CH,4) as a result of shale bed fracking. Furthermore, CH4 has the
highest H:C ratio (4:1) of any hydrocarbon so is increasingly being used as a low carbon
substitute for diesel in dual fuel engines for heavy good vehicles (HGVs) as a plausible first
step towards decarbonization of the transportation sector [9].

Noble metal based catalysts continue to be an important class of materials devoted to
deNOy. Pt, Pd and Rh are the most used precious metals in Three-Way-Converter (TWC)
catalysts to decrease the exhaust gas emissions from engines [10,11,12]. In particular, Pt and
Pd are used for the oxidative component of three-way catalysis, while Rh is necessary for
good NOy removal capabilities [12]. A synergism among Pd and Pt for oxidation of
hydrocarbons (HCs) and carbon monoxide was also found for different systems [13].

The bulk of the research effort has been given to the abatement of NO and NO,, with less
attention on N,O [14,15]. This is despite the formation of N,O as a by-product depending on
the engine operating conditions (air-to-fuel ratio, operation temperature), catalyst composition
and the presence of deactivating molecules such as H,O and SO, in the exhaust stream. It is
therefore interesting for practical applications to find a catalyst for the simultaneous
abatement of NO and N,O.

While there are many laboratory studies describing the abatement of either NO or N,O, i.e.
in separate experiments, there are relatively few reports of catalysts that remove both
pollutants simultaneously. NO and N,O were reduced sequentially in dual-bed reactors over
(first) Co-ZSM-5 and (second) Pd/Fe-ZSM-5 using Cs;Hg as reductant [16], In/Al,O3; and
Ru/AL,O; using CsHg [17] and over Pd-modified perovskites using H, for NO and

decomposition for N,O [18]. Simultaneous catalytic abatement of NO and N,O was studied
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over Ag/ZSM-5 [19] and zeolite supported Fe catalysts using NH; [20-23], and various
hydrocarbons [24,25]. The industrial EnviNOx® process [26] performs the abatement of NOy
and N,O over iron-containing zeolite catalysts in two catalytic beds, where NOy is abated by
NH;3; and N,O by hydrocarbons or via decomposition assisted by NO [27,28].We recently
reported the simultaneous abatement of NO and N,O in the presence of O, with C3Hg over
CoOy and FeOy supported on ZrO; [29], and with CHy4 over Fe-, Co- and Ni-exchanged MOR
[30]. In a separate study using operando FTIR we proposed a reaction pathway for the
selective catalytic reduction of NO and N,O with CH4 over Fe-, Co- and Ni-MOR catalysts
[31].

In this paper, we explore the simultaneous abatement of NO and N,O over platinum group
metal catalysts, Pt, Pd and Rh, (more similar to those in ‘realistic’ TWCs) supported on
ALO3-S10, and Al,O3-ZrO,, through the selective catalytic reduction in the presence of O,
using CHy as reductant (SCRgjnm). Our choice was motivated by the fact that, besides being a
promoter of NO activation, Rh (in supported systems, in modified zeolites, in hydrotalcite
derived metal oxides and in bimetallic systems) is the most active noble metal for the N,O
decomposition (deN,O) [15], this making Rh an attractive component of a catalyst for the
simultaneous abatement of NO and N,O. The activity and selectivity of these catalysts were
also evaluated at different O, content in the feed as the SCR efficiency is strongly depending
if lean or rich conditions of feeding mixture are used [32]. Moreover, in order to shed more
light on the SCRg,, the SCR with the single reactant (SCRno, SCRx20), as well as the
catalytic reductions in the absence of O, (CRgim, CRxo, CRN20), Were investigated. Studies are
also included of the N,O decomposition by itself and in the presence of O, and NO, and the

CH4 combustion reaction.

2. Experimental

2.1. Materials

55.2 mg of Rh(Il)acetate (Alfa, 98%), 46 mg of Pd(NOs3), (Alfa, 99.8%) and 42 mg of
PtCly (Alfa, 99.9%) were placed in separate 25 cm’ volumetric flasks. 5 cm® of approximately
30% aqueous NH4OH (Honeywell) was added to the flask containing Rh, and each flask was
filled with deionized water, subjected to ultrasonic treatment for 30 minutes, then made up to
the mark with deionized water. All three solutions were added to 2.0 g of equal masses of

well-mixed supports y-Al,O3, amorphous aluminosilica containing >95% silica so referred to
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here as SiO,, and monoclinic ZrO, to give catalysts Pt,Pd,Rh/Al,03-Si0, and Pt,Pd,Rh/Al,O5-
ZrO,. The resulting suspension was subjected to ultrasonic treatment for 45 minutes, stirred

overnight, filtered, washed with deionized water, dried and calcined for 4 h in air at 550 °C.

2.2. Characterization

A Rigaku NEX-CG XRF spectrometer was used for elemental analysis using the loose
powder method under vacuum. The Pt, Pd, and Rh wt%, as measured by XRF, are reported in
Table 1.

X-Ray Diffraction (XRD) patterns were obtained with a Philips PW 1729 diffractometer
using Cu Ko, (Ni-filtered) radiation (A = 1.5406 A) in the 10-70° 20 range (step size 0.02°;
step time 1.25 s) and an X-ray tube operated at 40 kV and 20 mA.

Nitrogen adsorption/desorption measurements were carried out using a Micromeritics
ASAP 2020 surface area analyzer at -196 °C. Samples were degassed under vacuum (p < 107
Pa) for 12 h at 300 °C prior to analysis. BET surface areas of the samples were calculated in
the relative pressure range 0.05-0.30.

The catalyst’s morphology as fresh sample and after reaction was investigated by Field-
Emission Scanning Electron Microscopy (FESEM) using an AURIGA Zeiss 405 HR-FESEM
instrument equipped with an Energy Dispersive X-ray Spectroscopy (EDXS) Bruker

apparatus for elemental detection.

2.3. Catalytic experiments

The catalytic activity was measured in a flow apparatus at atmospheric pressure in steady
state conditions. The apparatus included an inlet gas section for feeding five gas flows (He,
3% NO in He, 3% N,O in He, 1.5% CH,4 in He, and 10% O, in He). The regulation of each
gas flow was made independently by mass flow controller-meters (MKS Instruments). In
order to make homogeneous the resulting stream, the five gases’ flows were mixed in a glass
ampoule before entering the reactor. Gas mixtures were purchased from RIVOIRA and used
without further purification. The reactor was made of silica with an internal sintered frit of
about 12 mm diameter supporting the powdered catalyst. Reactants and products were
analysed by a gas-chromatograph (Agilent 7890A GC system) equipped with three columns
(Molsieve 5SA, for detecting O,, N, and CO, Porapack Q for detecting CO, and N,O, and
Na,SO4-doped alumina for detecting CH4) and two detectors (TCD and FID). The C-balance
was calculated for all experiments, whereas the N-balance was calculated only for

experiments in the absence of (NO+O,) in the feed, NO; not being detectable by GC-analysis.
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A portion of sample (0.250 g) was activated according to a standard procedure, i.e. by
feeding 2.5% Oo/He mixture (100 cm® min") from RT to 773 K and then maintaining
isothermally at 773 K for 90 min. After this treatment, the reactor was bypassed and the
temperature adjusted to the desired value. In a typical catalytic run the reaction temperature
was changed at random without intermediate activation treatment. Catalysis was run by
contacting the catalyst with feeds typically containing N,O (4000 ppm), NO (4000 ppm), CH4
(4000 ppm) and O, (20000, 5000, 2500 ppm) (v/v, He as balance), or purposely changed as
indicated in the Figs. The total flow rate was maintained at 50 cm’® STP/min, and space
velocity (GHSV) was 12000 NL kg h'. Conversions obtained at various (sample
weight)/(flow rate) ratios (W/F) indicated that, in our conditions, the reaction is under kinetic
control without diffusion effect.

The N,O, CH4 or O, conversion was calculated from (molecules consumed)/(molecules
injected):

N2Ointer — N20outiet
N2 Oiniet

N, 0 Conversion (%) = 100 -

CH4 inlet — CH4 outlet

CH, Conversion (%) = 100 -
CH4 inlet

0, ; -0
0, Conversion (%) = 100 - 2 inlet 2 outlet.

02 inlet

The total NO conversion in experiments without oxygen (CRyxo and CRgin) was calculated

from:

(Noinlet - Nooutlet)
NOinlet

The NO conversion to N; (%) in the absence of N,O as reactant (CRxo and SCRyo) was

NO Conversion (%) = 100 -

calculated from

NZ outlet

NO Conversionto N, (%) = 100-2————
NOinlet

whereas for the simultaneous abatement (SCRg;y,) was:

(NZ outlet — Nzoconsumed)

NO Conversionto N, (%) = 100-2-
Noinlet

where N Oconsumea = (N20inier — N2Ooutiet )-
The CO; selectivity with respect to CO was calculated as:

COZ outlet
COZ outlet + Cooutlet

CO0, Selectivity (%) = 100 -



The C-balance was calculated as (total C atoms injected)/(total C atoms emitted). The N-
balance was calculated as (total N atoms injected)/(total N atoms emitted). When NO and O,
are simultaneously present in the mixture, N-balance cannot be calculated as undetectable

NO, is also formed.
3. Results and discussion

3.1. Catalyst characterization

The Pt, Pd, and Rh wt%, as measured by XRF, are reported in Table 1. Nitrogen
adsorption-desorption isotherms, Fig. 1, are of Type IV classification for each of
Pt,Pd,Rh/Al,05-Si0, and Pt,Pd,Rh/Al,03-ZrO, consistent with the presence of mesopores.
Micropore volumes were approximately zero. The volumes adsorbed are significantly higher
for Pt,Pd,Rh/Al,05-SiO; over the full relative pressure range due to its higher degree of
porosity. Further confirmation of this is seen in the higher total pore volumes, Vi1, and BET
surface areas for Pt,Pd,Rh/Al,05-Si0,, 0.30 cm® gf1 and 200 m? gfl, versus 0.19 cm® gf1 and
67.2 m’ g_1 for Pt,Pd,Rh/Al,03-ZrO, (see Table 1). The higher specific surface area and
porosity of Al,0O3-Si0, support are very likely responsible for the higher noble metal uptake
in the Pt,Pd,Rh/Al,03-S10, final catalyst.

Table 1: Pt, Pd and Rh content and textural features of catalysts (surface areas and total pore volumes).

Sample Pt Pd Rh Seer Vioal
wt% Nourt wt% Nours- wt% Nourt (m*g")  (em’g?)
(at nm?) (at nm?) (at nm?)
Pt,Pd,Rh/Al,03-Si0O, 0.90 0.14 0.97 0.27 1.23 0.36 200 0.30
Pt,Pd,Rh/Al,03-ZrO, 0.65 0.30 0.23 0.19 0.27 0.23 67.2 0.19

* Sper = BET specific surface areas (m” g')
® V\oal = Total pore volumes (cm® g™
® Nqut = Noble metal density at the catalyst surface (at nm™)
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Figure 1. Nitrogen-adsorption-desorption isotherms of Pt,Pd,Rh/Al,03-SiO, and Pt,Pd,Rh/Al,05-ZrO,.
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Figure 2. XRD patterns of (a) Pt,Pd,Rh/Al,03-ZrO, and (b) Pt,Pd,Rh/Al,0;-SiO,: fresh catalysts (patterns 1)
and after catalysis (patterns 2). The vertical markers correspond to the most intense reflections of the monoclinic
Z10,, y-Al,O5, PtO and Pt reference compounds (see text for the JCPDS cards).



The XRD pattern of the fresh Pt,Pd,Rh/Al,03-ZrO, catalyst (Fig. 2a, pattern 1) showed the
most intense (400) and (440) reflections characteristic of the y-Al,O; crystallographic phase
[JCPDS 10-425 card], and the reflections of monoclinic ZrO, (m-ZrO,) [JCPDS card 37-
1484]. The absence of XRD peaks for Pt, Pd and Rh, either as oxides or metals, on the fresh
Pt,Pd,Rh/Al,03-ZrO, catalyst suggests that the mean diameter of noble metal crystallites is
below ca. 5 nm. After the catalytic runs, the XRD pattern of the Pt,Pd,Rh/Al,03-ZrO, catalyst
matched that of the fresh catalysts (Fig. 2a, pattern 2), suggesting that no remarkable
structural changes occurred in the solid.

The XRD pattern of the fresh Pt,Pd,Rh/Al,05-SiO; catalyst (Fig. 2b, pattern 1), besides the
most intense reflections of y-Al,Os, showed a diffuse peak of amorphous SiO, over the
angular range 20° to 30° [33], and a small peak at about 33.5° corresponding to the most
intense reflection of PtO [JCPDS card 43-1100]. After all the catalytic runs, the XRD pattern
of Pt,Pd,Rh/Al,0;-Si0, catalyst showed the support reflections as in the fresh catalyst, but in
addition a peak at about 40° corresponding to Pt metal [JCPDS cards 1-1194] appeared,
indicating the PtO reduction occurred to some extent during catalysis. The mean size of Pt
metal crystallites was about 10 nm maximum, as estimated by the Scherrer equation [34].

FESEM images of fresh Pt,Pd,Rh/Al,05-ZrO, showed a few particles of Pt, Pd and Rh
below 20 nm and many others with size well below 5 nm (Fig. 3a), in a number of locations,
over ZrO; support. The corresponding EDX analysis showed that noble metals are uniformly
spread on the imaged area, thus confirming a homogeneous dispersion (insets of Fig. 3a). If
compared to fresh Pt,Pd,Rh/Al,05-ZrO,, the FESEM and EDX analyses on the catalyst after
catalysis evidenced that the morphology was almost preserved after catalytic runs, as the
noble metal particles remained unchanged both in size (up to ca. 20 nm) and distribution (Fig.
3b). A comparison of the Pt,Pd,Rh/Al,03-ZrO, and Pt,Pd,Rh/Al,053-SiO, catalysts after the
catalytic runs (Fig. 3b and c) showed that the noble metals particle size and distribution are
similar, this paralleling the rather close noble metals density at the catalyst surface
(atoms/nm?, see Table 1).

These results, as a whole, suggest that the noble metal particles were firmly anchored to

the support, and did not undergo sintering under catalytic conditions.
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Figure 3. FESEM images of (a) fresh Pt,Pd Rh/A1203 Zr0,, (b) Pt,Pd,Rh/AL,0;-ZrO, after catalysis and (c)
Pt,Pd,Rh/Al,0;-Si0, after catalysis. The insets are reporting the EDX elemental maps for the noble metals.
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3.2. Catalytic activity

3.2.1. Simultaneous abatement of NO and N,O with CH, in the presence or in the absence of
0;

With regard to the simultaneous abatement of NO and N,O with CHj in the presence of O,
(SCRgim) the activity, as well as the selectivity to CO;, of both Pt,Pd,Rh/Al,03-SiO, and
Pt,Pd,Rh/Al,05-ZrO, catalysts were markedly depending on the oxygen content in the
mixture. The behaviour at 500 °C for the Pt,Pd,Rh/Al,03-Si0, catalyst is shown in Fig. 4a as
a representative sample.

Pt,Pd,Rh/ALO,-SiO, Pt,Pd,Rh/ALO,-ZrO

CO, C-balance*.

s
(=]

@
o

SCR,y, - SCRyp,
T=500 °C [0,]=20000 ppm

(=2
=}

S
(=}

]
o

(a)

05 1 15 2 400
O, content /% (viv) T1%e

Conversions and CO, selectivity / %

o

0

Figure 4. SCRy;, reaction. Section a: NO to N, (@), N,O (m) conversions and CO, selectivity (@) as
a function of O, content in the mixture. Section b: NO to N, (@), N,O (m), CHy (V), O, (&)
conversions, CO, selectivity () and C-balance (X) as a function of temperature. Reactant mixtures:
[N,O]=[NOJ=[CH4]=4000 ppm, [0,]=0+20000 ppm (total flow rate=50 cm’® STP/min, He as balance).
Catalysts as indicated.

For both catalysts, the SCRgm was not effective over the entire range of temperature
explored (250-500 °C) when O, was in large excess (20000 ppm), because the abatement of
NO did not occur although N,O was completely reduced above 375 °C (see Fig. 4b for
Pt,Pd,Rh/Al,05-ZrO;). Almost the same catalytic behaviour was still observed for both
catalysts when the amount of O, was decreased from 20000 to 5000 ppm (Figs. 5a and b).
The SCR;, became effective only by lowering further the O, content to 2500 ppm. In such
conditions, the NO conversion to N, occurred and sharply increased with temperature,
becoming complete above 400 °C (Figs. 5c and d). This behaviour is in agreement with the
observed trend of NO conversion on similar Rh/ZrO, [35] and Ce—Zr promoted Pd—Rh/Al,O;
catalysts [32] in which the NO conversion decreased monotonically with increasing the air to
fuel ratio (A/F) values. Our results showed that at the lowest O, amount explored by us (2500

ppm) N,O conversion, slightly higher than that of NO, was promoted if compared to the
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reaction at higher O, content (see Fig. 5). It should be noted that in the presence of O, the
CO; selectivity was always 100% over the entire temperature range (Figs. 5 a-d). On the other
hand, for the simultaneous NO and N,O abatement in the absence of O, (CRgiy,) both catalysts
were slightly more effective than in SCRy;, reaction, as the NO and N,O conversions were
complete in the range 300-400 °C (Figs. 5e and f). However, the selectivity is worsening
because the selectivity to N, and CO, were lower than in SCRgjy,. In particular, due to CO
formation, the CO, selectivity decreased to 60% as the temperature increased to 500 °C.
Above 350 °C, the values of C and N mass balances were slightly less than 100% indicating

the formation of small amounts of C- and/or N-containing by-products (like NH3).

Pt,Pd,Rh/ALO,-SiO, Pt,Pd,Rh/AL,0,-ZrO,
€O, C-balance” 3 CO, C-balancey” 4

-
=1
=

[0,]=5000 ppm | [[0,1=5000 ppm

Conversions and CO, selectivity / %

[0,]=2500 ppm

Conversions and CO, selectivity / % Conversions and CO, selectivity / %

300 400 500 300 400 500
T/°C T/°C

Figure 5. SCRy;,, reaction on Pt,Pd,Rh/Al,0;-SiO, (Section a, ¢, €) and Pt,Pd,Rh/Al,0;3-ZrO, (Section b, d, f)
using NO+N,0+CH4+0, gas mixtures with different O, amount in the feed, as indicated. NO to N, (@), N,O
(m), CHy (V), O, (A) conversions, CO, selectivity (4), C-balance (X) and N-balance (>>) as a function of
temperature. Reactant mixtures: [N,O]=[NO]=[CH4]=4000 ppm, [O,]=0, 2500 or 5000 ppm (total flow rate=50
cm’ STP/min, He as balance).
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With regard to CHy4 reactivity in SCRiy,, it should be noted that for all the values of O,
concentration explored, i.e. 20000, 5000 and 2500 ppm, the CH4 conversion on both catalysts
was beginning at about 250 °C together with that of O,, well before the range of temperatures
at which the N,O and NO started to be converted (about 325-375 °C, see Figs. 4b and 5a-d).
This suggests that from 250 °C up to 325-375 °C only the competitive CHs combustion
occurred. It should be also noted that at the lowest amount of O, (2500 ppm) and at higher
temperatures, O, was almost completely consumed and CH,4 was fully converted as it reduced
very effectively NO and N,O (Figs. 5 ¢ and d). This was confirmed by the CRiy,, in which the
CH,4 conversion on both catalysts started at about 300 °C together with that of N,O and NO
(Figs. 5e and f). However, in the case of SCRgjn, at 2500 ppm, the amount of O, in the mixture
at higher temperatures, in spite of being very low, is enough to guarantee the 100% selectivity
to CO; and Ny, thus avoiding the formation of the undesired by-products (Figs. 5¢ and d).

As a whole, these findings suggest that the activity and selectivity for SCR;, strongly
depend on the O,/CHy4 feed ratio. With a feed mixture with O,/CHy less than 1 (O,/CHy =
2500/4000 v/v), O, was nearly completely consumed above 400 °C and the residual methane
efficiently and simultaneously reduced NO and N,O with negligible formation of by-products.

3.2.2. SCRy,0, SCRyo, CRy,0, CRyo and related reactions

In order to have more insight into the catalytic behaviour of both Pt,Pd,Rh/Al,03-Si0, and
Pt,Pd,Rh/Al,05-ZrO; for the SCRg, reaction, we measured the activity of catalysts for the
CH4+0; reaction (CH4 combustion) which is the main competitive side-reaction affecting the
selectivity during the NO and N,O abatement by SCR. Moreover, for the same purpose, the
separate NO and N,O abatement reactions, either in the presence or in the absence of O, (i.e.
SCRyo, SCRn20, CRyno, CRN20) Were also investigated. The N,O decomposition, by itself or
in the presence of O, or NO, was also tested as probe reaction.

The activity of both catalysts for the CH4 combustion was measured either with the lowest
O, content (2500 ppm), at which the best performance for SCRgiy in terms of activity and
selectivity was observed, or in the case of O; in large excess (20000 ppm). Irrespective of O,
content, the light-off temperature of the CH4+O, reaction was around 250 °C and CHy
conversion increased with increasing temperature, becoming higher than 95% at 500 °C.
These findings, as a whole, support the evidence that in the SCR;, only the competitive CHy4
combustion occurred in the lower temperature range (from 250 °C up to 325-375 °C) at which
N,O and NO were unconverted. With regard to the CH4 combustion, in agreement with

literature [12,13], also in our case Pt and Pd are expected to be responsible for this reaction
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acting possibly in a synergism. In particular, Pd is considered to be one of the most active for
total oxidation of methane [36] and its activity, as metal or in oxidised state, increases with
the increase of the oxygen vacancies on the PdO surface [37]. Based on these literature
findings, in our conditions, although we observed only Pt metal after catalysis, it is reasonable
that both Pd and Pt metals can be formed by reduction with CH4 and that they can be re-
oxidised along the reaction. Since in our catalysts the CH4 combustion light-off temperature
(ca. 250 °C) is almost the same either in defect or in the excess of O,, we suggest that under
the reaction condition the amount of the oxygen vacancies on the surface of Pd and Pt
oxidised particles is independent of the amount of O, in the feed. As a whole these data
suggest that the surface oxidation by O, is not limiting the reaction and that the CH4
activation is very likely the relevant step in the oxidation reaction pathway.

The study of NO abatement in the reactions without N,O (SCRyo and CRyp) showed that
Pt,Pd,Rh/Al,05-SiO; and Pt,Pd,Rh/Al,03-ZrO, catalysts were both active for NO reduction
by CHy4 with a similar activity. The inhibiting effect of O, on the NO conversion, already
observed in the SCRgp, 1s confirmed in the SCRyo (Fig. 6a is reporting the data for
Pt,Pd,Rh/Al,05-Si0, as a representative case). In fact, whereas in the absence of O, i.e.
CRno, NO is completely converted to N, in a very short range of temperature close to 300 °C,
in the presence of O,, i.e. SCRno, NO conversion was remarkably inhibited, starting at about
350 °C with 2500 ppm and at 400 °C with 5000 ppm of O, (Fig. 6a). The observed inhibiting
effect of O, on the NO conversion could be explained by taking into account that, as in
SCRim, also in SCRyp the CH4 combustion occurred preferentially instead of NO reduction in
the lower temperature range, as confirmed by the parallel starting of CH4 and O, consumption
in the lower temperature range (Figs. 7c and d). The high activity for CH4 combustion has
been ascribed to the Pd/PdO species in the catalysts also in the presence of NO [38]. On the
other hand, in the absence of O, (CRyp) or in SCRyp at high temperature when O; is almost
completely consumed, CH4 could reduce the noble-metal ions to metal state on the catalyst
surface, as it was found in a NO+C,H, reaction where the reduction of transition metal ions
can occur by hydrocarbon [39,40,41]. According to literature [8], on a reduced noble metal
surface the dissociation of NO can occur, giving Nags) and Oggs), With subsequent desorption
of N, and removal of Ogs) by the reductant (CHy4 in our case). In the case of the three-way
Rh-Pd-Pt-containing catalysts, the Rh metal plays a relevant role for the NO dissociation
[10,42] and for NO reduction because it can be oxidized more easily than Pd and Pt noble
metals [3]. These literature considerations may explain why in our case, in the SCRyo

reaction, NO was unconverted in the lower temperature range at which O, was still present
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thus preserving the noble metals in the oxidized state. In the lower temperature range, Pt and
Pd, that are considered to promote the oxidation reaction [37,42], activate CH4 for the

competitive combustion.
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Figure 6. Effect of O, on the NO and N,0 abatement with CH, using gas mixtures with different O, amount in
the feed, as indicated. Section a: NO conversion to N, (closed symbols) and CO, selectivity (open symbols) for
the CRyo and SCRyq reactions as a function of temperature. Section b: N,O conversion (closed symbols) and
CO, selectivity (open symbols) for the CRyyo and SCRyyo reactions as a function of temperature. Catalyst:
Pt,Pd,Rh/Al,0;-Si0,. Reactant mixtures: [NO] or [N,O]=[CH,4]=4000 ppm, [O,]=0 (®,0), 2500 (m,O) or 5000
ppm (#,$), (total flow rate=50 cm® STP/min, He balance).

In the case of CRyo, it should be noted that on both catalysts, while the NO conversion was
complete above 300 °C, the NO conversion to N, remarkably decreased from 300 to 400 °C,
and then increased again above 400 °C although never reaching 100% (Fig. 7a and b). This
behaviour is a solid piece of evidence that the formation of some N-containing by-products
(likely NHj3, as N,O was never detected), occurred. Moreover, such N-containing by-products
are not containing C species, as the C-balance was nearly 100% in the whole temperature
range explored. With regard to the CO, selectivity, it markedly decreased as temperature
increased, becoming less than 20% at 500 °C. In the SCRyo, the presence of O, improved the
selectivity to N, and CO,. In particular, at the lowest content of O, (2500 ppm), the CO,
selectivity was at least 80% at 500 °C, and a lower amount of N-containing by-products were

formed (Figs. 7c and d).
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The study of N,O abatement in the reactions without NO (SCRnz0 and CRxz0) showed that
Pt,Pd,Rh/Al,05-S10; and Pt,Pd,Rh/Al,03-ZrO; catalysts were both active for N,O reduction
by CHa. If, on the one hand, the presence of O,, regardless of its amount (2500 or 5000 ppm),
negatively affected the N,O conversion, as clearly evidenced by the shift of its light-off
temperature to higher values, on the other hand O, in the feed remarkably increased the CO;
selectivity (Fig. 6b). In the absence of O,, i.e. CRnz0, the N,O conversion is starting at rather
low temperature (about 150 °C for Pt,Pd,Rh/Al,03-SiO, and about 100 °C for
Pt,Pd,Rh/Al,03-ZrO;) and was almost complete at about 225 °C (Figs. 8a and b). In this range
of temperature and up to 300 °C, the CHs conversion followed the
CH4+4N,0—4N,+CO,+2H,0 stoichiometry, as confirmed by the CO; selectivity which was
100%. Above 300 °C, the reaction CH4+N,O—N,+CO+2H, is gradually prevailing, as
suggested by the remarkable increase of CH4 conversion and the strong decrease of CO,
selectivity to CO. Moreover, the C-balance decreased to about 90% at 500 °C, while the N-
balance was always 100%, this being coherent with the formation of a small amount of

undefined CyH,O, by-products.
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In SCRny0 (Figs. 8c and d), the N,O and CHy4 conversions started at nearly the same
temperature and, on increasing temperature, they are overlapping. This behaviour suggests the
occurrence of CH4+N,0+3/20,—N,+CO,+2H,0 stoichiometry and excludes the combustion
as a side-reaction in a narrow range of temperature (250-325 °C). Above 325 °C, O, was
completely consumed and the reaction followed a stoichiometry resembling that occurring for
the CRnpo. It is interesting to note that differently from CRypo, in the SCRyzo the N,O
conversion is starting at higher temperature for the Pt,Pd,Rh/Al,0;-ZrO; catalyst if compared
to the Pt,Pd,Rh/Al,03-Si10; catalyst (275°C vs. 225°C, Fig. 8).
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Figure 8. CRyyo and SCRyyo reactions on Pt,Pd,Rh/Al,03-SiO, (Section a and c, respectively) and
Pt,Pd,Rh/Al,03-ZrO, (Section b and d, respectively). N,O (m), CH, (V), O, (A) conversions, CO, selectivity (4
), C-balance (X) and N-balance (>) as a function of temperature. Reactant mixtures: [N,O]=[CH4]=4000 ppm,
[0,]=0 or 2500 ppm (total flow rate=50 cm’ STP/min, He as balance).

As our results showed that O, affects the NO and N,O conversion, suggesting that the
mobility of the adsorbed oxygen species, regardless of their origin (coming from N,O, or NO
or O,) are playing a relevant role in sustaining the conversion of NO and N,O, a study of the
N,O decomposition as a probe reaction was made. We chose this reaction because it is well
known that gaseous N,O adsorbs on cationic active sites through O-end, yielding
decomposition into N, and O,gs species, according to the following generalized redox

mechanism [43]) on the surface active site *:
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N,O + * — N,O* (1)

N,O* — N, + O* (2)

20*% —» O, + 2% 3)

The pairing of O,4s species to form gaseous O, (step 3) is generally considered as the rate-
limiting step and it is strongly dependent on the O,¢s mobility on the surface and on the
strength of the O-site bonding. In our case, on both Pt,Pd,Rh/Al,03-SiO; and Pt,Pd,Rh/Al,O3-
71O, catalysts the N,O conversion was characterized by a very steep growth leading the
conversion to reach 100% value in a very short range of temperature close to 300 °C (Fig. 9a).
Such a very steep growth looks like a threshold temperature at which the surface mobility of
the adsorbed oxygen species seems to become high enough to give an easy O, desorption,
thus making free the sites for the N,O adsorption that can quickly decompose. The difficulty
related to the mobility of adsorbed oxygen species and the consequent desorption of
molecular O, is overcome when CHj is added to the feed, because it removes the adsorbed-O
species thus decreasing remarkably the light-off temperature to 150 °C (see Fig. 8a and b).
This is in agreement with recent literature data showing that, on alumina supported Pd
catalysts, the N,O decomposition activity is remarkably increased when C;He was added as a
reductant lowering the temperature required for 100% conversion [44]. The promotional
effect of CHy4 can occurs in two ways: (i) by removing O ad-atoms from the noble metals,
thereby maintaining them in a more reduced state; (ii) by removing O from the Al,03-ZrO, or
Al,0s-S10, supports surface thereby creating O vacancies. In absence of CeO; in our supports
which is known to store and release oxygen in the CeO,-ZrO, based catalysts [12,42], it is

more likely that the removal of O-species is from the noble metals.
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Figure 9. N,O abatement on Pt,Pd,Rh/Al,0;-SiO, (O) and Pt,Pd,Rh/Al,03-ZrO, (O) catalysts. Section a: N,O
conversion in N,O decomposition as a function of temperature. Section b: N,O conversion at 200 or 400 °C for
N,O decomposition, or after addition to the N,O feed of O, and NO, separately or together (as specified).
Reactant mixtures: [N,O]=4000 ppm, [NOJ=0 or 4000 ppm, [O,]=0 or 2500 ppm (total flow rate=50 cm’
STP/min, He as balance).
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Some further valuable details on the abatement reactions were provided by the experiment
in which O, and NO separately , or O,+NO were added to N,O feed (Fig. 9b).

The addition of O, to the N,O feed did not change the N,O decomposition catalytic
activity above the threshold-like temperature (300 °C), whereas at lower temperature a slight
decrease of N,O conversion was observed. The absence of reaction inhibition by O, at high
temperatures (in our case, above 300 °C) has been explained in the literature suggesting that
0O, does not compete with the N,O adsorption sites [43,45], and therefore O, does not
contribute to the overall surface O-coverage. At low temperatures (in our case, below 300
°C), a competitive adsorption between O, and N,O may occur as the surface mobility of the
adsorbed oxygen species is lower.

On the other hand, the addition of NO to the N,O feed negatively affected the N,O
decomposition, which was remarkably depressed as evidenced by the shifting of the light-off
temperature of about 100 °C to higher values. These results suggest that, differently from O,,
the active sites for the N,O decomposition are poisoned by the addition of NO that, upon
adsorption and reaction with O-species released upon N,O adsorption, likely formed some
NOy-like (nitrites/nitrates) species strongly adsorbed on the same sites active for the N,O
decomposition. Interestingly, the addition of O, to the N;O+NO mixture, did not further affect
the N,O conversion which, however, remarkably increased when CH4 was added to the
mixture (i.e. SCRgm). Such behaviour may be explained by suggesting that CH4 made again
free the active sites likely reacting with the suggested adsorbed NOy-like species or by
consuming O adsorbed species (coming from either O, or N,O).

According to the ability of N,O to adsorb dissociatively on metal ions, as in CRxz0, €ven
in the SCRnz0 the oxygen species reacting with CHy are likely those mainly coming from
N,O which left a reactive oxygen on the surface. This conclusion is supported by the evidence
that the stoichiometry of the SCRy;,0 reaction remained unchanged on changing the amount of
0,, with no other side-reactions, in particular the CH4 combustion. The increase of the
amount of O, in the feed mixture was beneficial for the CO, selectivity which increased
although it never reached 100%. This finding can be explained by taking into account that, at
higher temperatures where high N>O and CH4 conversions occurred, the O, amount was
slightly lower than the stoichiometric value either at 2500 or 5000 ppm, thus leading to the
formation of a small amount of CO.

As a whole, these results suggest that in the temperature region below the threshold-like
temperature (about 300 °C) where the mobility of surface O-species is low, the CHy easily

reacted with the surface O-species released by N,O, thus guaranteeing a high CRyyo activity
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even at lower temperatures. By adding O,, the competitive adsorption between N,O and O,
caused the decrease of the amount of such reactive adsorbed-O species, thus shifting the light-
off of the SCRny0 to higher temperatures where the mobility of adsorbed-O species was
remarkably increased and the competitive adsorption was largely decreased.

From Fig.8 it appears that Pt,Pd,Rh/Al,03-ZrO, catalyst has superior activity in CRy»0 but
inferior activity in SCRy;0 in comparison with the Pt,Pd,Rh/Al,0;-Si0, catalyst. Although on
a speculative basis, an attempt to explain such a difference may be made if the role of the
support is taken into account. In the Pt,Pd,Rh/Al,03-ZrO, catalyst, the ZrO, may play a role
in improving noble metals dispersion and redox ability on the catalyst surface, as reported for
Rh in Rh/Ce-ZrO, catalyst for the N,O decomposition [46]. Moreover, a beneficial effect of
ZrO, for the same reaction has been also reported in the case of Ir/ZrO, catalyst which
exhibited particularly high performance if compared to Ir on other supports, in particular with
respect to SiO, that resulted to be the worst [47]. These findings can be extended to Rh,
recalling that Rh and Ir have a similar activity on supported catalysts for the N,O
decomposition [14]. The considerations above can support the idea that the presence of ZrO,,
differently from SiO,, can possibly enhance the reactivity of N,O making easier the N,O
activation step on the Pt,Pd,Rh/Al,03-ZrO; catalyst in the CRx;0 reaction.

On the other hand, when O, is added to N,O+CHy4 feed, i.e. in the case of SCRy»0, since O,
can adsorb competitively with N,O on the same sites (vide supra), the improved noble metals
dispersion and redox ability could make more competitive the adsorption of O, with respect to
N,O, thus leading to a lower activity of the Pt,Pd,Rh/Al,03-ZrO, catalyst with respect to
Pt,Pd,Rh/Al,05-S10; catalyst for SCRxz0 below 300 °C.

3.2.3. Comparison of SCRy;, with the related reactions

A comparison of SCRg, at 2500 ppm of O, with the homologous separate abatement
reactions, i.e. SCRx20 and SCRyo (see Figs. 10a and b) provides some further information on
the investigated reactions. For both the Pt,Pd,Rh/Al,03-SiO, and Pt,Pd,Rh/Al,0;-ZrO,
catalysts, the presence of NO has a detrimental effect on the N,O abatement. In fact if we look
at the SCRin, the N,O conversion is starting at much higher temperature (about 300 °C) with
respect to that observed when N,O is alone (about 225 °C), i.e. in SCRxy0, suggesting that
adsorbed NO species, including its derivative (NOy-like species), likely poisoned the active
sites for the N,O activation. This is confirmed by comparing the N,O decomposition probe
reaction with the reaction in which NO was added to the N,O feed, leading to a detrimental

effect on the N,O conversion (Fig. 9b). As a whole, these results support the hypothesis that
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the poisoning species for the N,O adsorption active sites are some NOy-like species formed
from the reaction of NO with the surface O-species.

On the other hand, on both catalysts the presence of N,O has a much lower impact on the
NO abatement activity (see Figs. 10a and b), as the NO conversion is starting only at slightly
higher temperature of about 25 °C with respect to that observed in SCRyo, which suggests
that a small competitive effect due to the N,O adsorption on the same sites active for NO
reduction was occurring. However, the presence of N,O has a beneficial effect on the NO
abatement selectivity, as shown by the fact that NO converted to N, alone in SCRg;y,, whereas

large amounts of N-containing by-products were formed in the SCRyo.

Conversions/ %

© 400
T/°C

Figure 10. Comparison between SCRg;,, and the related SCRyo and SCRy;o reactions on Pt,Pd,Rh/Al,0;-SiO,
(Section a) and Pt,Pd,Rh/Al,05-ZrO, (Section b). NO to N, (O, ®) and N,O (O, H) conversions as a function of
temperature. Open symbols: SCRyo ([NOJ=[CH4]=4000 ppm, [O,]=2500 ppm) and SCRyyo
([N,O]=[CH4]=4000 ppm, [0,]=2500 ppm). Closed symbols: SCRg, ([N,O]=[NO]=[CH4]=4000 ppm,
[0,]=2500 ppm).

The same reciprocal effect of the addition of NO to N,O, and the reverse, was observed
also in the absence of O, (i.e. CRsim, CRxo, CRnp20). Indeed on both catalysts N,O reduction
in CRnpo was remarkably hampered by adding NO to the feed, causing the light-off to shift
about 150 °C to higher temperature, whereas NO reduction in CRxo was only slightly affected
by adding N,O to the feed.

The comparison of CHy4 conversion with O,, or NO, or N,O on the Pt,Pd,Rh/Al,03-ZrO,

catalyst, that gives an insight into the active site reactivity, is reported in Fig. 11.
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Figure 11. CH, reactivity with (i) O, (CH4 combustion, A), (ii) N,O (CRyp0, O), (iii) NO (CRyo, O) and (iv)
NO+0O, (SCRyo, ®). CH, conversion as a function of temperature on Pt,Pd,Rh/Al,0;-ZrO,. Reactant content in
the mixtures: [N,O]=[NO]=[CH4]=4000 ppm, [O,]= 2500 ppm (total flow rate=50 cm’ STP/min, He as balance).

It is clearly evident that CH4 much more easily reacted with N,O, the conversion starting at
lower temperature (150 °C) if compared to the reactions with O, or NO (300 °C).
Interestingly, the reactivity of CHy with O, or NO is almost the same, as shown by the
corresponding conversion curves that are almost overlapping. It should be noted that this
reactivity started at the threshold-like temperature (about 300 °C) at which the high mobility
of the surface oxygen species is enhancing the reactant activation. This suggests that in both
CRno and CH4 combustion CHy4 is very likely activated on the catalyst surface thus reacting
with NO or O, in the gas phase. On the other hand, the temperature at which the CH4+N,O
reaction started is much lower than that of the CH4 combustion but almost the same as which
the N,O decomposition started (about 150 °C, see Fig. 9a). This finding suggests that at this
temperature (150 °C) the O-species released along the N>O adsorption became reactive with
CH,4. While the reactivity of CH4 with O, or NO separately is almost the same, it was
depressed in the lower temperature range when the two reactants NO+O, were present in the
feed (Fig. 11). Keeping in mind that at lower temperatures CH4 conversion during SCRyo is
due only to the combustion, this result supports the idea that the adsorbed NOy-like species

formed in the presence of O, are poisoning also the active sites for the CH4 combustion.

4. Conclusions

Pt,Pd,Rh/Al,05-SiO, and Pt,Pd,Rh/Al,03-ZrO, are promising catalysts for the
simultaneous abatement of NO and N,0O in the SCR with CH4 from feeds containing O,/CH4

less than 1, yielding complete NO and N,O conversions above 400 °C. In such conditions, i.e.
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low O, amount, (i) a partial reduction of the noble metal ions by CH4 may guarantee the N,O
and NO activation and (ii) the simultaneous presence of NO and N,O in the stream guarantees
the complete selectivity to CO, and N,. However, a slight shift of activity towards higher
temperatures occurs if compared to the separate NO and N,O abatement reactions. This shift
is suggested to be related to the possible formation of some strongly adsorbed NO,-like
species formed along NO adsorption on the catalyst and competing with the N,O adsorption
active sites. The poisoning effect of the NOy-like adsorbed species is confirmed in the SCRno
and in the N,O abatement in the presence of NO or NO+O,. This poisoning effect disappears
above a threshold-like temperature (about 300 °C), but only if O, is not in a large amount. At
this temperature the surface-O mobility is high enough to sustain the reduction of both NO
and N,O.

In such complex reactions a role of the support cannot be excluded. If compared to the
Pt,Pd,Rh/Al,05-SiO, material, in the Pt,Pd,Rh/Al,O3-ZrO; catalyst the ZrO, may play a role
in improving noble metals dispersion and their redox ability on the catalyst surface, these
properties affecting in some cases the catalytic behavior. On the other hand, in spite of the
rather different noble metals content, the Pt,Pd,Rh/Al,03-SiO, and Pt,Pd,Rh/Al,05-ZrO,
catalysts do not show a remarkably different catalytic behaviour for the SCR;,. Since the
FESEM analysis suggests a rather homogeneous dispersion of the noble metals on both
supports, it can be reasonably inferred that, at least for this reaction, only a fraction of the
total amount of noble metals, likely those exposed on the surface of particles in a peculiar
contact with the support, is playing the role of the active site in the SCRg;,, . This makes this
system attractive from a practical point of view, as a rather low content of highly expensive

noble metals is effective to have a high activity.
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