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Nitrogen oxide removal over hydrotalcite-derived
mixed metal oxides

Magdalena Jabtonska and Regina Palkovits*

Rigorous regulations of nitrogen oxide emissions require the development of technologies for their
removal from exhaust gases. Implementation of appropriate catalysts can potentially promote NO, (NO,
NO,) or N,O removal in shorter reaction time and under milder operation conditions. However, several
challenges have to be faced upon trying to address nitrogen oxide pollution with catalytic systems such as
sufficient catalytic performance, suitable operational temperatures and catalyst poisoning. The flexible
structure of hydrotalcite-like compounds offers the opportunity to introduce various metals into the mate-
rials to provide active and selective catalysts for NO, and N,O removal. This minireview summarizes the
abatement of nitrogen oxides by using hydrotalcite-derived mixed metal oxides. At first, a brief overview on
the general features of hydrotalcite-originated mixed metal oxides and their applications in catalysis is pro-
vided. Later on, the application of mixed metal oxides as SCR catalysts with both ammonia (NH3-SCR) and
hydrocarbons (HC-SCR) as reducing agents is discussed. An overview of the mixed metal oxides applied as
catalysts for NO, storage/reduction (NSR) and further in the simultaneous removal of NO, and soot parti-
cles is provided. Additionally, this review discusses mixed metal oxides as efficient catalysts for catalytic
decomposition (deN,O) and selective catalytic reduction of N,O (N,O-SCR). Finally, the remaining chal-
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Introduction

The National Emission Ceilings Directive (NECD) recognizes
four main air pollutants including nitrogen oxides (NO,), sul-
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lenges and future trends are highlighted.

phur oxides (SO,), non-methane volatile organic compounds
(NMVOc), and ammonia (NH;3)." Nitrogen oxides, NO, = NO +
NO,, as major air pollutants bring about a series of environ-
mental issues, including photochemical smog, acid rain and
ozone depletion,>® as well as global warming caused by
N,0.*® Above 40% of the total NO, released into the atmo-
sphere within European Union countries comes from mobile
sources with major contribution from the use of diesel
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engines.”” Emission of N,O from nitric acid plants, besides
its emission from adipic acid installations, is the largest
among industrial sources.® A significant contribution of
mobile sources, including diesel engines, to N,O emissions
cannot be also neglected.”'® Several advanced options of NO,
NO, and N,O abatement are available nowadays. The most
promising technologies are described in the next chapters.

Diesel engines operate under lean-burn conditions with
an air-to-fuel ratio of A/F = 20-25. These conditions enable
efficient fuel combustion saving 30-35% fuel consumption
associated with decreased CO, emissions.'* However, in the
presence of excessive O,, NO, cannot be efficiently reduced
over the classical three-way catalyst. However, nitrogen oxide
exhaust emissions can be removed via (i) direct decomposi-
tion of NO,,"* (ii) selective catalytic reduction of NO, based
on urea-SCR (NH3-SCR) or hydrocarbon-SCR (HC-SCR),**'*
(iii) NO, storage/reduction (NSR)'®> and simultaneous NO,-
soot removal.'® Among the proposed methods for N,O emis-
sion abatement, catalytic decomposition (deN,0)*'” and
selective catalytic reduction of N,O (N,O-SCR)'® seem to be
the most promising approaches.

A great number of scientific publications relate to
hydrotalcite-derived mixed metal oxides as catalysts for the
processes mentioned above. Hydrotalcite-like compounds
belong to a class of natural and synthetic anionic clays'® and
are described with the general formula M;_,>*M,**(OH),(A™ ),/
-mH,0, where M>" is a bivalent metal ion (e.g. Mg**, Ni**,
Zn**, and Cu®"), M*" is a trivalent metal ion (e.g. AI*", Ga*,
Fe’*, and Cr*"), A" is an interlayer anion (e.g. CI°, F~, CO;>,
Cr,0,°", M0,0,,%", and V;00,5>") and x represents the molar
fraction of M** per total metal, with a value varying in the
range of 0.17-0.50.>>>" Synthetic materials are prepared by
various methods such as (i) induced hydrolysis,*” (ii) rehydra-
tion/reconstruction,” (iii) sol-gel,>* or (iv) hydrothermal
methods.>® However, (v) coprecipitation at low supersatura-
tion and at constant pH 7-10 is the most often applied syn-
thesis procedure, due to its simplicity, repeatability and the
associated production of hydrotalcite-like compounds with a
high degree of crystallinity.'®*® Detailed information on the
structural features of hydrotalcite-like compounds, synthesis
methods, and their characterization is available in several
comprehensive reviews.'”?*** Hydrotalcite-like compounds
are widely used in catalysis, although they are employed as a
precursor of the catalyst more often than they are applied as
layered materials themselves.’*****™%° In fact, calcined
hydrotalcite-like compounds containing copper and/or cobalt
have been found to be active and selective catalysts for SO,,
NO, and N,O removal.**™** In particular, Cu(Co)-(Mg)-AlO,
materials were used as catalysts for removal of (i) NO and
SO, formed in the regenerator of a fluid catalytic cracking
(FCC) unit**® and also (ii) other N-containing compounds
such as ammonia in NH;-SCO"~*° or dimethylformamide in
total oxidation.”® The examples presented above show mainly
applications of calcined hydrotalcite-like compounds
containing elements with redox behaviour within brucite-like
layers (Fig. 1). However, materials prepared by exchange with
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Fig. 1 Simplified representation of the main routes leading to the
formation of supported metal catalysts from hydrotalcite-like precur-
sors (adapted from ref. 35, copyright with kind permission from
Springer Science and Business Media).

anionic metal precursors of the desired metal in the inter-
layer space of the hydrotalcite-like compounds or by deposi-
tion of inorganic or organometallic precursors on calcined
oxides were also applied.*”*” The variety of preparation
methods, together with a broad range of ions, which can be
incorporated, makes hydrotalcite-like compounds excellent
precursors of high performance catalysts.

Selective catalytic reduction of NO,
by NH3

The selective catalytic reduction of NO, by ammonia (NH;-
SCR) is the most important and well-established process used
to abate NO, from stationary sources, according to the follow-
ing reactions (eqn (1) and (2)):'""*

4NO + 4NH; + O, — 4N, + 6H,0 (1)

2NO, + 4NH; + O, — 3N, + 6H,0 (2)

This method is also used for removing NO, from diesel
exhausts, so-called diesel exhaust fluid (DEF), commonly
referred to as AdBlue in Europe.®® In this technique, NO, is
continuously reduced by NH; on commercial V,05-WO3/TiO,,
catalysts suitable for temperatures of 250-400 °C.>*** On the
other side, automotive application of this process calls for
high NO, removal over a much wider temperature range up
to 600 °C in the cycle of diesel particulate filter regeneration
(DPF). Additionally, there is a clear trend to replace V-based
catalysts. The major reasons are the narrow operating tem-
perature window of the commercial catalysts, phase transfor-
mation of anatase to rutile under the reaction conditions,
high activity for oxidation of SO, to SO; and vanadium pent-
oxide toxicity.>® Different types of NH;-SCR catalysts, such as

This journal is © The Royal Society of Chemistry 2016
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(supported) metal oxides, layered clays, mesoporous silicas
and zeolites containing various transition metals, e.g. Fe, V,
Cr, Cu, Co and Mn, have been studied in the scientific
literature.>®>® Several reviews provide detailed information
on the mentioned catalytic systems.>>**°"®" Among the tested
catalysts, layered clays, including hydrotalcite-originated
mixed metal oxides with various compositions such as Cu-
Mg-Al, Co-Mg-Al, and Mg-Fe, compose a large group.*”**
Table 1 summarizes the catalytic performance of mixed metal
oxides for the selective reduction of nitric oxide by ammonia.
Analysis of these results shows that the catalytic systems
consisting of copper and/or iron resulted in high activity in
NH;-SCR. In addition to data presented in Table 1, suitable
catalytic systems also require a wide temperature window of
effective operation. The following description covers a
detailed overview of the most interesting systems compared
to commercial V,05-WO;/TiO, as well as copper-zeolites.
Carja and Delahay®® worked on Mg(Cu)-Al-O, derived
from oxovanadate-pillared hydrotalcite-like compounds. The
catalysts were prepared by coprecipitation using aqueous
solutions of appropriate metal nitrates and NavO; as the pre-
cipitating agent. Both V,0,*” and HV,0,®~ were indicated to
predominate in the aqueous vanadate solution. Calcination
of the prepared materials at 470 °C led to the formation of
amorphous species with weak and broad maxima revealed by
X-ray diffraction. The materials were utilized in catalytic tests
in the range of 250-500 °C. Mg-Al-O, (Mg:Al = 70.7:29.3)
facilitated above 70% NO conversion at 450 °C with very low

View Article Online
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exhibited promising N, selectivity. Unfortunately, no stability
tests of such materials were provided. Based on BET mea-
surements and microscopic analysis (SEM, TEM), the authors
suggested that the mesoporous properties of the materials
could enhance transport of the reactants to the active surface
sites consequently facilitating the apparent catalytic perfor-
mance. However, detailed structure-performance correlations
are not available hindering interpretation of the obtained
results. Studies correlating catalytic performance to physico-
chemical properties, e.g. to gain knowledge on the role of
copper oxide species in such systems, could pave the way for
knowledge-driven catalyst optimization. Unfortunately, most
investigations published in this area only focus on catalyst
composition-performance correlations of materials tested for
NH;-SCR. Other works were also presented below.****

Carja et al® used a reconstruction method to obtain
Fe,0; or CeO, deposited on a Mg-Al-Fe-O support (Mg:Al:
Fe = 4.0:0.8:1.0). Reconstruction of the structure of calcined
iron-substituted hydrotalcite-like compounds occurred by
modification with aqueous solutions of appropriate iron or
cerium sulphates. After calcination at 550 °C, the prepared
materials were used for NH;-SCR. The presence of CeO, (4.1
mass% of Ce) on the surface of the mixed metal oxides
improved the catalytic performance only below 250 °C. Above
this temperature, Fe,0; (34.7 mass% of Fe) doped samples
revealed higher conversion. No further information of the
effect of iron and cerium oxide doping on the material prop-
erties was provided.

selectivity towards N,O. The presence of copper (7.2 wt%) in Wongkerd et al.® studied as well iron-modified mixed
the structure lowered the maximum conversion temperature  metal oxides. Deoxycholate- and Keggin-type poly-
with 79% conversion at 400 °C. The tested material series  oxometalate-pillared hydrotalcite-like ~compounds were
Table 1 Review of catalytic performance in selective reduction of nitric oxide by ammonia (NH3-SCR)*
Preparation method NO conversion/%
Catalyst code (calcination temperature/°C) Reaction conditions (temperature/°C) Ref.
V,05-WO,/TiO, Commercial 0.75% NO; 0.6% NH,; 3.0% O,; He 100 (350) a1
balance; W/F =240 g s 17"
Cu-BEA (1.0 wt% Cu) Two-step post-synthesis 0.25% NO; 0.25% NH3; 2.5% O,; He 100 (300) 62
Impregnation balance; W/F =300 g s 1™ 100 (250)
Mg-Al (70.7:29.3 mol%) Coprecipitation (470) 0.2% NO; 0.2% NH3; 3.0% O,; He 71 (450) 63
Mg-Cu-Al (Mg: Al = 67.9:32.1 mol%; balance; W/F=9¢gs1™" 79 (400)
7.2 wt% Cu)
Ce/Mg-Al-Fe (Mg:Fe: Al =4.0:0.8:1.0  Coprecipitation/reconstruction  0.2% NOj; 0.2% NH3; 3.0% O,; He 71 (350) 64
mol%; 4.1 mass% Ce) (550/550) balance; GHSV = 185000 h™"
Fe/Mg-Al-Fe (Mg:Fe: Al = 4.0:0.8:1.0 82 (350)
mol%; 34.7 mass% Fe)
Fe-PW,,—clay (composition not Hydrothermal-anion 0.1% NO; 0.1% NHj3; 2.0% O,; He 40 (450) 65
shown; 5.0 wt% Fe) exchange/impregnation balance; W/F=24gs 1"
(500-500/500)
Mg-Cu-Fe (2.0:0.5:1.0 mol%) Coprecipitation (600) 0.25% NO; 0.25%; 2.5% O,; He 80 (300) 48
balance; W/F=150g s 1™
Cu/Mg-Al (Mg: Al = 71.0:29.0 mol%; Coprecipitation/impregnation 0.75% NO; 0.6% NHj3; 3.0% O,; He 80 (300) 41
10.0 wt% CuO) (650/600) balance; W/F =240 g s 17"
Mg-Cu-Al (63.8:7.2:29.0 mol%j; Coprecipitation (650) 100 (350)
12.5 wt% CuO)
Mg-Cu-Al (51.0:20.0:29.0 mol%) Coprecipitation (600) 0.25% NO; 0.25% NH3; 2.5% O,; He 95 (250) 66
Mg-Cu-Co-Al (51.0:10.0:10.0:29.0 balance; W/F =300 gs 1" 85 (250)

mol%)

“ Studies were also presented below.***

This journal is © The Royal Society of Chemistry 2016
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prepared by applying hydrothermal and anion exchange
methods consecutively. In the first step, deoxycholate-pillared
hydrotalcite-like precursors were prepared by treatment of
aqueous solutions of Mg(OH),, Al(OH);, deoxycholic acid and
NaOH in an autoclave at 150 °C for 48 h. The obtained prod-
uct was used to prepare both PW,,0,,- and SiW;,0,,-pillared
hydrotalcite-like compounds, employing aqueous solutions of
the appropriate heteropoly acid and sodium hydroxide. How-
ever, detailed elemental compositions of all obtained
hydrotalcite-like compounds were not provided. Calcination
of the obtained samples in the temperature range of 250-500
°C allowed access to materials with different phase composi-
tions and crystallinity. The impact of phase changes of the
catalysts on the activity in NH3-SCR was investigated. Amor-
phous mixed oxides appeared after calcination at 500 °C and
facilitated higher catalytic activity in NH3;-SCR compared to
samples calcined at lower temperatures. All catalysts revealed
NO conversions below 35%. However, N, selectivity above
99% could be reached in the whole temperature range stud-
ied. Further impregnation with 5.0 wt% Fe only slightly
enhanced NO conversion while N, selectivity remained
constant. The authors suggest the iron modification to
increase the Bronsted acidity of the pillared-clay catalysts.
However, no further details related to this point were pro-
vided. Polyoxotungstophosphate-pillared hydrotalcite-origi-
nated mixed metal oxides doped with iron achieved a maxi-
mum NO conversion of 40% at 450 °C. Higher catalytic
activity with around 70% conversion of NO at 450 °C could
be achieved with calcined Fe-containing hydrotalcite-like
compounds prepared by coprecipitation with carbonate as
the interlayer anion. For Mg-Fe (Mg:Fe = 2.0:1.0) precur-
sors calcined at 600 °C, X-ray diffraction confirmed the
presence of MgO and MgFe,0,."® Introducing 0.5 mol%
copper into the Mg-Fe-O material led to an additional
formation of Cu,0O and CuO, and significantly improved
the catalytic activity under the applied reaction conditions.
Around 80% NO conversion was reached at 300 °C, together
with a N, selectivity of above 85% over the whole inves-
tigated temperature range. Copper loadings of 0.5 to
1.0 mol% were associated with increased crystallinity of
both copper oxide phases (Cu,O and CuO). However, higher
copper loadings did not influence catalytic activity, and only
slightly lowered the selectivity to N,, which was the main
reaction product. The changes in NO, conversion could be
correlated with changes in the reducibility of the catalysts.
The presence of easily reducible copper oxide species in the
Mg-Fe-O system extended the low temperature NO, conver-
sion. On the other hand, it led to lower NO, conversion at
higher temperatures due to competition with undesired NH;
oxidation. Increasing copper loadings from 0.5 to 1.0 mol%
led to the formation of more aggregated copper oxide species,
and thus slightly higher NO, conversion in the high tempera-
ture region, i.e. above 350 °C, was recorded. Based on these
results, one may conclude that by varying the amount of
copper and iron in such catalysts and consequently adjusting
the reducibility of the catalysts, it is possible to control the

52 | Catal Sci. Technol., 2016, 6, 49-72
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NO, conversion temperature window. Further studies in this
direction appear promising.

The influence of the transition metal content was also com-
prehensively investigated over Cu—(Co)-Mg-Al-O, obtained by
calcination of hydrotalcite-like precursors at 600-650 °C.*"°°
Montanari et al*' studied Cu-Mg-Al-O, with copper oxide
loadings in the range of 4.0-12.5 wt%. Such materials were
prepared by coprecipitation followed by calcination at 650 °C.
Only poorly crystallized MgO was identified in all samples,
without evidence of CuO segregation. As a reference, copper
oxide deposited on Mg-Al-O, (Mg:Al = 71.0:29.0) materials
was prepared by impregnation aiming at a loading of 10.0
wt% CuO. Crystalline CuO was clearly evident in this case. Cat-
alytic tests with these materials confirmed complete NO con-
version at 350 °C with a broad temperature range of effective
operation over a Mg-Cu-Al material with 12.5 wt% copper
oxide. Lower contents of copper oxide (4.0 and 8.0 wt%)
resulted in significantly lower catalytic performance. Addition-
ally, a catalyst prepared by deposition of copper oxide on a cal-
cined support (Cu/Mg-Al) was compared with mixed metal
oxides including copper incorporated within the structure
(Mg-Cu-Al). Mg-Cu-Al revealed significantly higher catalytic
performance in the studied temperature range of 150-500 °C.
Additionally, such catalysts showed no deactivation either after
four consecutive cycles or during the stability test at 380 °C for
8 h under the reaction conditions. Again, the obtained NO,
conversion could be correlated with the reducibility of the
tested catalyst (Fig. 2). All hydrotalcite-derived mixed metal
oxides showed a reduction peak with a maximum in the tem-
perature range of 240-300 °C, while the CuO-supported cata-
lysts exhibited a significantly lower reduction temperature, ie.
200 °C. The authors suggest that highly reducible copper oxide
species were responsible for the high catalytic performance in
the low temperature range, but also significantly contributed
to the side-reaction - ammonia oxidation at high tempera-
tures. Therefore, tuning of the nature of copper oxide species
and the right copper content seem to be vital factors in order
to obtain highly efficient catalytic systems operating in a wide
temperature range.

Reduction rate [umol/s-g]

70 120 170 220 270 320 370
Temperature [°C]

Fig. 2 Results of temperature-programmed reduction (H,-TPR)
performed for Mg-Cu-Al-Oy ((a) 12.5 wt%, (b) 8.0 wt% and (c) 4.0 wt%
CuO) and Cu/Mg-Al-O, ((d) 10.0 wt%) (adapted from ref. 41 with kind
permission from Elsevier).

This journal is © The Royal Society of Chemistry 2016
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Chmielarz et al.®® carried out similar studies with regard
to the catalytic performance of Mg-Cu-Al catalysts with 5.0-
20.0 mol% content of copper incorporated into the structure
of the precursors. Hydrotalcite-like precursors were prepared
by coprecipitation, followed by transformation at 600 °C into
only poorly crystallized MgO. Catalytic tests over these mate-
rials revealed around 95% NO conversion at 250 °C for cata-
lysts with high concentration of copper (Fig. 3). Unfortu-
nately, the authors reported a very narrow temperature range.
Materials with copper contents of only 5.0 or 10.0 mol%
exhibited lower activity, with slight changes in selectivity to
N, in the range of 200-350 °C. Besides the content of transi-
tion metals, the selected element, e.g. Cu and/or Co, also has
strong influence on the catalytic performance.®® The catalytic
activity decreases in the following order: Cu > Cu-Co > Co.
The highest NO conversion was observed for metal oxides
containing copper. Cobalt-based catalysts exhibited poor
activity, while an increasing content of Co from 5.0 to 20.0
mol% resulted in lower activity but higher selectivity to N,.
The obtained results fully corresponded to H,-TPR analysis of
copper-containing materials as well as the cobalt-based sam-
ple with 10.0 mol% loading presented in another work of
Chmielarz et al.®” In order to determine the interaction of
NO and NH; molecules with the catalyst surface,
temperature-programmed methods (TPD, TPSR, and stop
flow-TPD) as well as FT-IR were applied. The introduction of
copper within brucite-like layers caused the formation of
weak nitrogen oxide sorption centres on the catalyst surfaces,
which played a crucial role in the catalytic process. The
weakly chemisorbed nitrogen oxide was nearly completely
transformed into nitrogen in the low temperature region.
Moreover, the FT-IR results revealed the formation of
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Fig. 3 Results of catalytic tests performed for Cu-Mg-Al-O,. Reaction
conditions: 0.25% NO, 0.25% NHs, 2.5% O,, He balance; total flow rate
= 40 ml min'%; mass of catalyst = 200 mg (adapted from ref. 66 with
kind permission from Elsevier).
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thermally stable nitrite and/or nitrate species on the catalyst
surface at low temperatures. Such species resulted in N,O for-
mation at higher temperature.®®

In conclusion, a comparison of the catalytic activity of a
Mg-Cu-Al-O system with 12.5 wt% CuO to V,05-WO;/TiO,
as a commercial reference revealed a similar behaviour of
both catalysts up to 380 °C. At higher temperatures, the com-
mercial catalyst exhibited superior catalytic performance with
100% NO conversion up to 500 °C. Thus, the advantage of
commercial catalysts over mixed metal oxides is the very
broad temperature range of effective operation. The selectiv-
ity to N, was slightly better than that for commercial catalysts
over the whole temperature range of 100-500 °C.*! Therefore,
the results confirmed the strong potential of Mg-Cu-Al-O, as
catalysts in mobile applications, and opened opportunities to
improve the catalytic performance of the presented materials.
Further studies and stability tests in the presence of typical
diesel exhaust gases for this application such as H,0, CO,
and SO, are still required. Moreover, limited efforts have
been made to investigate the material properties or detailed
reaction mechanisms over the presented hydrotalcite-
originated mixed metal oxides.

Furthermore, a comparison of copper-containing mixed
metal oxides together with copper-exchanged zeolites under
the same reaction conditions was possible based on the con-
tributions by Chmielarz et al.®**® Copper-containing BEA cat-
alysts were prepared by a two-step post-synthesis method and
conventional wet impregnation. The nature and environment
of copper present in the obtained materials were studied by
DR UV-vis spectroscopy. Isolated Cu®" species in pseudo-
tetrahedral coordination were present in the materials pre-
pared by the two-step post-synthesis procedure, while differ-
ent kinds of mononuclear Cu®>" species existed in the wet
impregnated sample.®® In comparison, copper in the mixed
metal oxides were reported to be present e.g. as mononuclear
Cu** ions, oligomeric [Cu-O-Cu], species and bulky CuO
crystallites.”” The reducibility of copper oxide species in zeo-
lites was investigated using H,-TPR. The results were in good
agreement with the observed catalytic performance. Addition-
ally, it was recognized that the reducibility of metal ions in
metal-exchanged zeolites determines the extent of low tem-
perature NO conversion.®® The same species are responsible
for ammonia oxidation as the dominating process at higher
temperatures. In particular, above 80% NO conversion in the
range of 225-525 °C and above 95% selectivity to N, were
achieved over Cu-BEA prepared by impregnation. The data
suggest significantly better catalytic performance of copper-
zeolites compared to hydrotalcite-derived mixed metal oxides.
This conclusion is supported by the results given by Sultana
et al.,*® who reported above 80% NO conversion in the range
of 250-450 °C and above 97% N, selectivity in the presence
of water vapour and sulphur oxide over (2.4 wt%) Cu-ZSM-5
prepared by an aqueous ion-exchange method. The authors
confirmed the primary role of the reducibility of the catalyst
compared to their acidity in NH3-SCR. In contrast, a domi-
nant role of acidity was confirmed in the case of HC-SCR.

Catal Sci. Technol., 2016, 6, 49-72 | 53
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Selective catalytic reduction of NO,
by HCs

The selective catalytic reduction of NO, by hydrocarbons (HC-
SCR) is another technology used to remove NO, from the
exhaust of lean-burn gasoline engines.”® Attention has been
paid to replacing ammonia as a reducing agent with hydro-
carbons, due to problems of storage, leakage and transport of
liquid ammonia. Ammonia emissions are strictly limited in
regulations to 2-10 ppm as a typical NH; slip threshold
limit.”®”" Starting from the work of Iwamoto et al.”> over Cu-
ZSM-5 with outstanding activity in HC-SCR at 300 °C, exten-
sive studies have been conducted focusing on Cu-based cata-
lysts for this process.”>””> In view of the considerable
research efforts, there is still an open discussion about the
roles of copper species coexisting in both the surface and
bulk in HC-SCR.”*”®

Besides copper-based materials, a large number of other
types of transition metal ion-exchanged zeolites including
Co, Fe, Pt, and Ag’>*° and supported Pt, Pd or Rh***' sys-
tems have been evaluated. Many hydrotalcite-originated
mixed metal oxides revealed promising activity as catalysts
for selective reduction of NO, with hydrocarbons.?”"** Table 2
summarizes the catalytic performance of mixed metal oxides
for the selective reduction of nitric oxide by hydrocarbons.
Similar to data collected for NH;-SCR, also in the case of HC-
SCR, the maximum conversion of NO was provided for the
presented catalytic systems. This representation of the cata-
lytic activity only allows a general overview of the material
performance. The most interesting copper-based materials
are discussed in more detail.

Most catalytic tests were conducted in the presence of
propene. In this line, the reaction can be generalized as fol-
lows (eqn (3)):

2NO + 2C3Hg + 80, — N, + 6H,0 + 6CO, 3)
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Yuan et al®’ studied the influence of the preparation
method of Mg-Al-O, (Mg:Al = 3.0:1.0) on the acidic proper-
ties, and consequently the catalytic activity. For
coprecipitation of hydrotalcite-like compounds, aqueous solu-
tions of suitable metal nitrates together with sodium carbon-
ate as a precipitating agent were utilized. Homogeneous pre-
cipitation relied on urea as the base retardant. Mixed
solutions obtained via homogeneous precipitation were con-
ditioned in different ways: (i) they were transferred into an
autoclave and treated at 90 °C for 24 h (hydrothermal
method) or (ii) additionally stirred at 90 °C for 24 h before
hydrothermal treatment (homogeneous precipitation with
hydrothermal treatment). All obtained samples were calcined
at 800 °C. MgAl,O, dominated in the case of samples pre-
pared by homogeneous precipitation and homogeneous pre-
cipitation with hydrothermal treatment. Besides the spinel
phase, crystalline MgO appeared in hydrothermally treated
samples. Mainly magnesium oxide was found in materials
obtained by coprecipitation. Activity tests concerning NO
reduction by propene revealed 40% NO conversion at 550 °C
over the catalysts prepared by homogeneous precipitation.
Comparison of the results for all tested materials emphasizes
the following order of decreasing catalytic activity despite
having comparable composition: homog. precip. > homog.
precip. + hydrotherm. treatm. > hydrotherm. treatm. >
coprecip. Between 350-650 °C, N, was the main reaction
product. The catalytic activity of the obtained materials was
affected by the amount of Lewis acid sites, i.e. higher acid-
ity induced higher catalytic performance (Fig. 4). NH;-TPD
measurements revealed significant differences of the desorp-
tion profiles. The data confirmed that the preparation
methods significantly affected the acidic properties of the
calcined catalysts. The catalysts synthesized by homoge-
neous precipitation were favourable for the formation of the
highest quantity of Lewis acid sites among the obtained
samples.

Table 2 Review of catalytic performance in selective reduction of nitric oxide by hydrocarbons (HC-SCR)

Preparation method
Catalyst code

(calcination temperature/°C) Reaction conditions

NO conversion/%
(temperature/°C) Ref.

Cu-ZSM-5-152 Ton-exchange 0.1% NO; 0.1% C3Hg; 10.0% O,; W/F =300 g s 1™ 82 (300) 72
(152/degree of exchange)
Mg-Al (3.0:1.0 mol%) Coprecipitation (800) 0.1% NO; 0.1% C3Hg; 10.0% O,; He balance; W/F =120 g s I™' 16 (600) 82

Homogeneous precipitation 40 (550)

(800)
Cu-Ti Homogeneous precipitation 0.1% NO; 0.1% C;Hg; 10.0% O,; He balance; W/F =180 g s 1™ 83
(2.0:1.0 mol%) (450) 74 (270)
(3.0:1.0 mol%) 76 (260)
Cu-Al Coprecipitation (600) 0.06% NOj; 0.06% C3;Hs; 8.0% O,; He balance; W/F =150 g's 75
(3.0:7.0 mol%) I 70 (300)
(4.0:6.0 mol%) 55 (300)
Co-Al (0.5:1.0 mol%) Coprecipitation (550) 0.13% NOj; 2.0% O,; N, balance (* with 0.08% C3Hg) (** with  *60 (300) 84

0.11% C3He); GHSV = 11200 h™? *#88 (400)
Ni-Al (0.5: 1.0 mol%) *70 (300)
*#¥100 (400)

Cu-Co-Fe (2.0:8.0:5.0  Coprecipitation (500) 0.06% NO; 0.06% C3Hg; 12.0% Os; 6.0% CO,; 7.0% H,0; He 32 (350) 85
mol%) balance; W/F=72gs 1"
Ni-Al (6.0:2.0 mol%) Coprecipitation (450) 265.0 mbar NOj; 265.0 mbar CH,; 27.0 mbar O,; W=0.25 g 100 (400) 86
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Fig. 4 Variations of the quantity of Lewis acidity and catalytic
performance of calcined hydrotalcite-like precursors synthesized by
different methods (adapted from ref. 82 with kind permission from
Elsevier).

Thus, homogeneous precipitation was also applied in fur-
ther studies over a series of Cu-Ti-O, materials with Cu:Ti
molar ratios of 2.0-5.0:1.0, however, calcined at 450 °C.*3
The relatively low temperature treatment did not fully trans-
form the Cu-Ti precursors into mixed metal oxides. In the
calcined materials, hydrotalcite-like compounds as well as
Cu;TiO, appeared. For materials with the highest copper
loading (Cu:Ti = 4.0-5.0:1.0), the presence of CuO could be
confirmed. The superior catalytic performance of Cu-Ti-O,
(Cu:Ti =3.0:1.0, 43.0 wt% Cu) (Fig. 5) in NO reduction with
C3;He was mainly ascribed to the presence of crystalline
Cu;TiO,. Additionally, stability tests over 720 min under the
reaction conditions revealed no deactivation of this catalyst
or the other obtained samples. The authors concluded that
in HC-SCR, surface copper species were more active than
bulk copper species. In particular, H,-TPR analysis indicated
that the reduction temperature of surface Cu®" corresponded
to the optimal reaction temperature for high catalytic activity.
Another factor that influenced the catalytic performance was
the quantity of Lewis acid sites. Again, a linear correlation
between the quantity of Lewis acidity and the -catalytic

80 1 M cCuTi

NO conversion [%]

220 240 260 280 300

Temperature ['C]

Fig. 5 Results of catalytic tests performed for Cu-Ti-O,. Reaction
conditions: 0.1% NO, 0.1% CzHe, 1.0% O,, He balance; total flow rate =
100 ml min™; mass of catalyst = 300 mg (adapted from ref. 83 with
kind permission from Elsevier).
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performance was reported. NO conversion over Cu;Tiy
reached 76% at 260 °C with around 75-85% N, selectivity in
the temperature range of 260-290 °C. Therefore, the material
presents a very promising catalytic system for low tempera-
ture HC-SCR. The pathway of C;Hg-SCR over the obtained cat-
alysts was investigated using FT-IR under the reaction condi-
tions. Based on these results, the authors concluded that the
adsorbed nitrates (products of NO oxidation by O,) reacted
with acetate and formate (products of partial oxidation of
propene) to yield N,, CO and H,O. The nitrates, acetate and
formate were found to be essential intermediates for SCR of
NO by C3;Hs. A higher concentration of acetate on Cu;Tiy
could be correlated with its higher catalytic performance.

Concerning other mixed metal oxides, Kumar et al.”” stud-
ied materials with various ratios of Cu:Al in the range of
1.0-7.0:3.0-9.0. Mg-Al-O, was prepared by coprecipitation
using aqueous solutions of the appropriate metal nitrates
together with Na,CO; and NaOH, followed by subsequent cal-
cination at 600 °C. Amorphous structures with weak and
broad reflections of y-Al,O; were identified in all calcined
samples. Only in the case of high copper loadings (Cu:Al =
7.0:3.0, 41.7 wt% Cu), additional CuO appeared. Formation
of surface CuAl,O, for all samples was also proven using
X-ray photoelectron spectroscopy. Interestingly, for Cu-Ti cat-
alysts, high copper loadings of above 40.0 wt% resulted in
the most efficient catalysts,* while for Cu-Al samples, lower
copper concentration facilitated superior catalytic perfor-
mance. Among all tested materials, NO reduction with
propene was highly efficient over Cu-Al-O, with a Cu:Al
molar ratio of 3.0:7.0 (13.7 wt% Cu) and reached 70% at 300
°C. Unfortunately, the catalyst only exhibited high activity in
a limited temperature range. Information on the stability of
this system was not included. For higher copper contents,
NO conversion decreased, which was in line with the decreas-
ing intensity of copper in CuAl,O,4. For a Cu:Al molar ratio
of 7.0:3.0, around 30% conversion (300 °C) was achieved,
resembling the lowest NO conversion obtained for the series
of tested materials. Therefore, CuAl,O, was suggested to be a
vital factor for obtaining high efficiency in C3Hq-SCR. Such a
crucial role could not be identified for highly dispersed sur-
face and bulk CuO.

All studies mentioned above utilized C;H as the reducing
agent of NO. The effect of other reducing agents in HC-SCR
was examined by Tret'yakov et al.®* Co-Al-O, and Ni-Al-O,
with different compositions (M:Al = 0.5-3.0:1.0) were pre-
pared by coprecipitation followed by calcination at 550 °C.
Co30, and NiO as crystalline phases were found only in sam-
ples containing cobalt and nickel, respectively. The materials
were investigated in HC-SCR applying C;Hg, C3Hg as well as
n-C1oH,,. Among the tested reducing agents, propene proved
to be the most efficient one for NO reduction, while materials
with a Ni(Co): Al molar ratio of 0.5:1.0 achieved the highest
catalytic activity. In particular, Ni-Al-O, and Co-Al-O,
reached a NO conversion of 100 and 88% at 400 °C, respec-
tively. Unfortunately, below this temperature, both catalysts
only exhibited low NO conversions. The high catalytic activity
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of such samples was suggested to be related to high disper-
sion of Ni- or Co-containing mixed oxides resulting in a large
fraction of active surface sites. The small crystallite size in
the case of nickel-containing samples, i.e. below 4 nm, com-
pared to that of cobalt-based samples (5 nm) was associated
with the higher catalytic performance between these two sam-
ples. These studies present ideal starting points using
hydrotalcite-derived mixed metal oxides, but do not provide
detailed structure-performance correlations. Incorporating
both elements within brucite-like sheets controlling the
metal particle size could enhance the catalyst activity. Addi-
tionally, the stability of these systems and the detailed reac-
tion pathways of HC-SCR require investigations facilitating
knowledge-driven design of the catalysts.

Further s